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Introduction 

In preparation for submittal of its Fiscal Year 
1994 Budget, the Administration conducted an 
assessment of current NASA programs and pro- 
jected budgets. This assessment showed that the 
Space Station Freedom budget would not fit 
within the expected NASA budget envelope 
given the increased emphasis placed on other 
agency programs, such as aeronautics and sci- 
ence. The President therefore directed the NASA 
Administrator to redesign the Space Station to 
be more efficient and effective, and to meet the 
new budget guidelines. 

Station Redesign Team to provide several 
options that  would significantly reduce program 
costs. These options should include recommenda- 
tions for new streamlined management struc- 
tures and acquisition strategies, as well as con- 
cepts that  cut operations costs in half while still 
achieving the goals for long-duration scientific 
research. The Station Redesign Team, consisting 
of 45 NASA employees and 10 representatives of 
the International Partners established an office 
in Crystal City, Virginia. With the aid of five 
government and nongovernment consultants, 
and three groups of NASA engineers and scien- 
tists at Johnson Space Center, Marshall Space 
Flight Center and Langley Research Center, the 
Station Redesign Team began its redesign effort 
on March 10,1993. The team is listed in 
Appendix A. 

Team for a revised 10 year Space Station pro- 
gram, as well as specific objectives and con- 
straints in his implementation letter of March 9, 
1993 (Appendix B). 

An independent senior-level panel, the 
Advisory Committee on the Redesign of the 
Space Station, was formed the first week in 
April to review and assess the Station Redesign 
Team’s findings. This panel is charged with 
independently assessing the redesign options 
and proposing recommendations to  improve the 
efficiency and effectiveness of the Space Station 
program. 

The NASA Administrator assembled a Space 

Goals were provided to the Station Redesign 

The contributions of the International 
Partners in the Space Station program and the 
potential impact of a redesign on their ongoing 
efforts were recognized at the outset, A set of 
operating guidelines between NASA, the 
European Space Agency, the Canadian Space 
Agency and Japan’s Science and Technology 
Agency was agreed to and signed, to  ensure full 
participation at all levels of the redesign effort. 
A similar set of guidelines was signed between 
NASA and the Italian Space Agency. 

the Space Station user community, providing 
briefings on the redesign process, and receiving 
input on science, research and technology issues 
and requirements. 

Numerous concepts were presented to the 
Station Redesign Team. Input came from NASA 
centers, industry, the Space Station Freedom 
Program Ofice, International Partners and 
other interested parties. This input provided a 
diverse set of architectures, management and 
operations approaches, as well as constraints 
and lessons learned. The team assessed all con- 
cepts within the framework of the guidance con- 
tained in the Administrator’s letter and the 
existing international agreements. Team mem- 
bers also arranged for technical briefings with a 
delegation from the Russian Space Program. The 
team soon narrowed the field to  three basic 
design options, and focused its efforts on defin- 
ing those options as thoroughly as time allowed. 

The three options are Option A, Modular 
Buildup, Option B, Space Station Freedom 
Derived and Option C, a Single Launch Core 
Station. 

This report is the result of the Station 
Redesign Team’s activity. Its purpose is to pre- 
sent without bias, and in appropriate detail, the 
characteristics and cost of three design and man- 
agement approaches for the Space Station. I t  
was presented to  the Advisory Committee on the 
Redesign of the Space Station on June 7,1993, 
in Washington, D.C. 

The team conducted a significant outreach to  
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Mission, Tasks and Design Guidelines 

Mission 

The mission of the Space Station is to provide an 
international Earth orbiting research facility 
where people live and work safely in a micro- 
gravity environment. 

On April 30,1993, the President’s Ofice of 
Science and Technology Policy promulgated the 
Space Station program objectives. 

Office of Science and 
Technology Policy 

Space Station Program Objectives 

Create the capability to perform significant 
long-duration space research in materials 
and life sciences. 

Develop the technology and engineering 
skills for building and operating advanced 
human and autonomous space systems. 

Encourage international cooperation in 
science and technology. 

Provide opportunity for new users, 
particularly industry users, to conduct 
experiments on new, commercially relevant 
products and processes. 

Acquire new knowledge regarding the 
feasibility and desirability of conducting 
human scientific, commercial and 
exploration activities. 

To accomplish these objectives, four basic strate- 
gies are required: 
1. Build and operate a Space Station 

2. Provide a platform for technology 
development 

3. Provide an international laboratory facility 

4. Integrate user outreach. 

Tasks 
Each of these strategies leads to specific tasks 
for the Space Station program. The flow of 
Administration objectives, implementing strate- 
gies and required tasks is shown in Figure 1. 
These tasks include the actual research and 
development disciplines to  be facilitated by the 
Space Station. Many of these disciplines relate to 
basic fundamental research. A number of the 
tasks create the potential for near-term benefits 
to people on Earth. Previous research in space 
based laboratories has made, and will continue 
to make, important contributions to Earth-based 
technological advances and health care. In the 
process of exploring space, we have learned how 
gravity affects fundamental physical, chemical 
and biological processes, and in some cases, we 
have used space technology to fashion new prod- 
ucts for people on Earth. Deployment and uti- 
lization of the Space Station will expand our 
knowledge and improve our techniques; and 
while it’s important not to overstate the expecta- 
tions, past experience shows that significant ben- 
efits may be realized by various science and engi- 
neering disciplines. 

Biological And Life Sciences 

The maintenance of crew health and safety 
requires the understanding of the mechanisms of 
health and disease, and leads to development of 
preventive methods, technologies, and treat- 
ments to maintain and restore health. The 
understanding of blood pressure regulation, 
treatments for balance disorders, and treatment 
of conditions responsible for muscle mass losses 
are specific examples of these methods and 
treatments. 

In addition, the study of pathophysiological 
effects of microgravity will (1) improve the pre- 
diction of risk and prevention of kidney stone for- 
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Figure 1 
Objectives, implementing strategies and required tasks 

mation, (2) contribute to  the development of non- 
invasive methods for detecting bone strength and 
mass losses, and (3) contribute to the develop- 
ment of exercise equipment and regimens for 
rehabilitation of bedridden and elderly patients. 

Operations in spacecraft environments con- 
tribute to the development of portable life sup- 
port systems and refined sensors. Examples are 
miniaturization and development of portable 
medical equipment, advancements in telemedi- 
cine and biotelemetry, improvements in noninva- 
sive diagnostic imaging and monitoring of health 
status, development of computer-aided diagnostic 
systems, improved bioisolation techniques and 
advances in blood preservation and banking 
methods. 

Microgravity and Commercial 
Research 

Biotechnology 

One step removed from the "whole organism 
approach," is the growth of three-dimensional tis- 
sues in culture where deleterious shear forces 
are significantly minimized. The ability to devel- 
op larger, higher-fidelity models of living tissues 
will improve transplant methods, cancer and 
antiviral therapies and drug testing. 
Understanding the role gravity plays at the cell 
level in microorganisms, plants and animals will 
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advance our knowledge in genetic research, 
reproductive biology, embryonic and early devel- 
opment, the plasticity of the nervous system, bio- 
mineralization and the aging process. Protein 
crystallization in space offers the development of 
pharmaceuticals that  use protein structural data 
from crystals grown in microgravity to gain a 
better understanding of proteins involved in dis- 
ease processes, such as HIV reverse transcrip- 
tase, 2 domain CD4, human alpha-thrombin, 
interferon alphaSb and others. 

Fluid Physics 

Fluid physics (gas and liquid) research involves 
behavior of fluids in both physical and biological 
systems where buoyancy and sedimentation 
effects disappear, where convective motion is 
minimized and where hydrostatic pressures do 
not influence fluid motion mechanics. Gravity is 
ultimately responsible for many of the aspects of 
fluid behavior we are accustomed to  on Earth. 
Many of our intuitive expectations do not hold up 
in microgravity, however, because other forces, 
such as surface tension, control fluid behavior. 
Space offers scientists unique opportunities t o  
explore different aspects of the physics of fluids. 

The knowledge of fluid behavior gained in 
space is not only important to  basic science, but 
it is also the key to new technologies. The behav- 
ior of fluids is at the heart of many phenomena 
in materials processing, biotechnology and com- 
bustion. Surface tension driven flows, for exam- 
ple, affect semiconductor crystal growth, welding 
and the spread of flames on liquids. Colloidal 
suspensions for drilling are important to  the oil 
industry. Drop dynamics is an important aspect 
of chemical process technologies such as oil spill 
recovery, and is important in the understanding 
of weather phenomena. Research conducted in 
microgravity will increase our understanding of 
fluid physics and provide a foundation for pre- 
dicting, controlling and improving a vast range of 
technological processes. 

Combustion 

Combustion processes play a key role in energy 
generation and utilization, production and con- 
trol of air pollutants, transportation and propul- 
sion, and materials processing and synthesis. 
Buoyancy and settling effects associated with 

gravitational forces preclude experiments vital to 
definition of combustion fundamentals on Earth. 
Experiments in space can add to the understand- 
ing of mechanisms involved in various types of 
combustion processes, leading to significant 
advances in combustion science. Development of 
a better understanding of combustion mecha- 
nisms could lead to reduced fire losses on Earth, 
increased efficiency of energy utilization and 
minimized production of pollutants and waste 
heat. 

Materials Science 

The opto-electronic and physical properties of 
glasses and ceramics are controlled primarily by 
their process-related defect structure which 
depends on many variables ranging from the 
atomic to the macroscopic. The establishment of 
quantitative and predictive processing and prop- 
erty relationships depends on knowledge of the 
role of transport phenomena on defect structure 
development. Since many of the steps involved in 
the synthesis and subsequent processing of these 
materials are accomplished in the presence of a 
fluid phase, gravitationally driven fluid flows can 
make it impossible to  isolate and understand the 
individual elements of physics and chemistry 
involved. Knowledge gained in the microgravity 
environment may enhance ceramic chip carriers 
used routinely in high performance electronic 
devices. 

Technology and Engineering 
Research 

Research.into the long-term effects of the space 
environment will influence the selection of mate- 
rials, coatings and mechanisms for future space- 
craft design. All spacecraft will become more pro- 
ductive and cost efficient by reducing their 
launch mass requirements and increasing their 
useful on-orbit life. Information obtained during 
technology and engineering research can be used 
to improve the characteristics of materials and 
coatings used on Earth-based structures and 
devices such as lightweight oxygen tanks, high- 
strength corrosion-resistant pipes, long-life self- 
healing paints, permanently-lubricated machin- 
ery and solar cells for power generation. The 
accurate knowledge and prediction capability of 
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structural performance in microgravity can be 
applied to technology involving structures, struc- 
turaI dynamics, control structure interactions 
and adaptive control. New component technolo- 
gies and systems, including coding, error check- 
ing and data compression methods, also can be 
applied commercially. 

The production of more efficient space power 
will make the commercialization and exploration 
of space more cost effective and efficient. The 
knowledge gained from the development of closed 
environment life support systems has significant 
potential for reducing logistics for human space- 
flight. I 
Research Requirements 

The Station Redesign Team established a set of 
research requirements and guidelines based on a 
survey of recommendations and strategies devel- 
oped by the science, technology and commercial 
communities. These included reports generated 
by NASA, National Research Council Advisory 
Committees and Space Station discipline science 
working groups, as well as discussions with 
many of the external research advisory groups. 
The resulting research requirements are not nec- 
essarily linked to a single facility or discipline 
but are intended to accommodate the needs of 
several research disciplines contributing to a 
“productive and value added science and technol- 
ogy.” These requirements are presented in 
Appendix C. 

Design Guidelines 

Within the framework of the Space Station 
Program strategies, and in order to accommodate 
the recognized tasks of a space laboratory in low 
Earth-orbit, the team defined a set of top-level 
design gaidelines. These guidelines are grouped 
into five sections: Administrator’s guidance; sci- 
ence, technology and engineering research; engi- 
neering; operations; and international commit- 
ments. 

to provide a capability for people to conduct 
research in space, the two essential guidelines 
for the design must be to: 

Given that the objective of a Space Station is 

0 Maintain crew safety 
Allow for maximum crew productivity. 

Guided by these two overriding objectives, 
the Redesign Team established a set of top-level 
design guidelines. The source for these guide- 
lines are: 

Existing Level I and Level I1 Space 
Station Freedom Requirements 

0 Coordinated user community require- 
ments 
International Partner requirements 
derived from the Memoranda of 
Understanding 
An independent assessment of Space 
Station requirements conducted by a 
team led by Commander Jim Weatherbee 
(USN), Johnson Space Center. 

Extensive discussions were conducted to 
arrive at key guidelines that should drive the 
option designs. Guidelines which emerged from 
these discussions were: simplify system inter- 
faces, prioritize scientific tasks, reduce complex 
maintenance requirements and adhere to funda- 
mental crew safety principles. 

requirements review led by Commander 
Weatherbee’s team established a set of key philo- 
sophical design guidelines which were adopted 
by the Redesign Team. Those were: 

In addition to these, the independent 

provide a means to return the crew to the 
ground in an emergency 
encourage the use off-the-shelf techn- 
ology 
use automation, but allow for manual 
override by the crew where it is rea- 
sonable 
ensure the survival of the Space Station, 
even in the event of a severe failure such 
as a fire or impact from micrometeoroids 
or orbital debris 
accommodate a large degree of indepen- 
dence from the ground 
ensure that the well-being of the crew 
and the operability of the station does not 
depend on any single link with the 
ground 
balance the design such that no single 
factor or resource is notably limiting. 

The full set of design guidelines can be found in 
Appendix C of this report. 
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Science, Technology, Applications and 
Engineering Research 

Introduction 
)I 

Low Earth-orbit offers a unique research envi- 
ronment with a near-absolute vacuum, a spec- 
trum of radiation, temperature extremes and 
reduced gravitation forces. Gravity is a universal 
force affecting every aspect of our life, shaping 
all physical, chemical and biological processes. 
Phenomena such as sedimentation, buoyancy, 
fluid behavior and heat transfer and dissipation, 
are common to biological and nonbiological sys- 
tems alike and are all influenced by gravity. The 
Space Station, as a permanently space-based 
laboratory, offers the opportunity to study fun- 
damental processes without the masking influ- 
ence of Earth’s gravity. 

It is well documented that the quantity and 
quality of data generated from orbital flight is 
related to  the total time in orbit. This is particu- 
larly true for the biological sciences, although it 
is also true for some materials sciences and 
biotechnology. In order to  fully understand the 
biological adaptation process, exposures exceed- 
ing 90 days are required. Research in electronic 
and photonic crystal growth can require up to 30 
days for a single sample, while some of the most 
significant tissue culture research could take up 
to nine months. 

allows more experiments to be performed and 
more data to be generated. This is critical to the 
advancement of individual disciplines and a 
requirement for commercial, government and 
academic programs. Without access, papers are 
not published, engineering designs are not veri- 
fied and companies may not collect the data nec- 
essary for patent filing or technology develop- 
ment. 

oratory in space modeled closely after those on 
the ground. “he observations of the crew and 
their ability to  change protocols as necessary to 
enhance the science is critical to the types of 

Frequent access to the research environment 

The Space Station will be an interactive lab- 

experiments planned for microgravity, life sci- 
ences, technology development and commercial 
research. A small percentage of experiments will 
be automated to reduce the demand on crewtime, 
an extremely valuable resource in space. 
However, in many cases experiments either can- 
not be automated, or  the cost to automate them 
is prohibitive. The crew is expected to be the 
researchers, as well as  the subjects, for many of 
the life science experiments that  will investigate 
how human physiology is affected by microgravi- 
ty. These experiments will provide information 
that relates to the physiology of humans on 
Earth, as well a s  provide the basic data required 
to enable humans to live and work productively 
in space for extended periods of time. 

The NASA engineering research and tech- 
nology program in space has been recognized by 
advisory bodies, including the National Research 
Council, as  an important contribution to  United 
States competitiveness. NASA was tasked to 
define and develop experiments to  support the 
engineering technology needs of “industry, other 
government agencies and universities, as  well as 
its own laboratories for all in-space engineering.” 
It is an integral part of NASA’s mission to use 
the Space Station as an engineering laboratory 
and technology testbed to  enhance our ability to  
validate high-leverage technologies that can 
reduce the cost of future space systems. These 
technologies, in turn, will enable research 
thrusts that will challenge or validate current 
theories, identify or describe new physical phe- 
nomena, and foster acquisition of new knowledge 
from unexpected discoveries which is perhaps 
the most exciting product of space research. 

Scientific discovery can lead directly to new 
applications. For example, some protein crystal 
and electronic materials research in space 
explores the physics and chemistry of processes 
involved in the production of pharmaceutical and 
electronic components, respectively. Other pro- 
tein crystal growth studies add substantially to 
our fundamental scientific knowledge, but may 
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not necessarily have obvious practical applica- 
tions. Similarly, electronic and photonic materi- 
als research focuses both on the basic principles 
of crystallization transport kinetics and on pro- 
duction technologies of interest to United States 
industry. The existing synergism and interde- 
pendency between scientific and technical 
research objectives is the guiding principle for 
the development of requirements for all space- 
based laboratories and implementation of scien- 
tific priorities. 

The Space Station is a logical extension of 
the ongoing United States and international 
space programs in biological and microgravity 
sciences, technology and engineering research 
and applications. It creates opportunities for pri- 
vate sector investment, international cooperation 
and education. 

Important determinants of Space Station 
productivity are the quality and quantity of such 
resources as: crew time, volume, power, levels of 
microgravity and available research instruments 
at any given time. In providing any new capabili- 
ty, careful consideration should be given to ade- 
quately match research discipline needs with the 
appropriate platform. The Space Station should 
be considered within the context of an integrated 
orbital research program that maximizes the 
effective use of available opportunities. The 
Space Station program complements existing 
ground-based university-government-industry 
laboratories, drop towers, sounding rockets, air- 
craft, fieeflyers, Space Shuttle, Spacelab and 
Spacehab missions and Mir. 

strategies and outreach programs for involving 
universities and the private sector in the space 
program, it must continue to demonstrate that 
such strategies are effective and in the interest of 
the scientific and private entities. Some commer- 
cial organizations are convinced that space holds 
promise for enhancing their product, process or 
service in such a way that it may give them a 
competitive edge. In the future, the identification 
of technology needs, the development of research 
strategies to provide solutions to  those needs, 
and the transfer of that  knowledge to the appro- 
priate user, should be an integral element of the 
orbital research program. 

The orbital research program is also an 

I 

While NASA has developed and implemented 

, essential ingredient contributing to  the knowl- 
edge required for the maintenance of crew health 
in space missions over extended periods of time, 
and the testing of medical and life support sys- 

tems in preparation for exploration-class mis- 
sions. Assurance of the health, safety and pro- 
ductivity of humans in space is one of the prima- 
ry roles of biomedical and biological research. 
Health risk assessment and management is a 
critical deliverable of this program. The informa- 
tion used from the risk categorization and esti- 
mation will help to  determine the actions 
required to reduce or eliminate a particular risk. 
These health risk areas focus on the impact to 
the individual, but in most cases, inflight mani- 
festations of the risk could dramatically alter the 
outcome of a mission. Although it will not be pos- 
sible to entirely eliminate all risk to the crew, 
United States and Russian space flight experi- 
ence indicates that a better understanding of the 
risks is necessary in order to develop appropriate 
procedures for mission success. 

Experience has shown that advances in 
space technology provide the tools needed for 
space science, and in turn, scientific research 
leads to the development of new technology. The 
knowledge that flows from scientific research 
and technology development in space benefits 
people on Earth by speeding progress in fields 
such as medicine and advanced materials, by 
enriching science and education a t  all levels, and 
by enabling the development and transfer of new 
technologies. This knowledge also plays a critical 
role in enabling future exploration missions. 

ment and associated commercial and engineering 
areas were considered for each Space Station 
design: 

The following research, technology develop- 

Technology and engineering research 
such as design, deployment, construction 
and operation of large structures and 
research on various materials and 
processes in space, to include space quali- 
fication of systems, subsystems, electron- 
ics and materials which might be used in 
new spacecraft. 
Microgravity sciences and applications to  
include biotechnology, fluid physics, com- 
bustion and material sciences. 
Biological and life sciences encompassing 
gravitational biology, human biology, 
environmental health, radiobiology, 
regenerative life support systems, human 
factors and exobiology. 
Space and Earth sciences such as astro- 
physics, space physics and atmospheric 
sciences. 

8 



Science, Technology, Applications and Engineering Research 

The following sections describe the minimum 
science and technology discipline requirements, 
the traffic model process used to populate the 
options and the evaluation process used to assess 
the redesign options. Not included in the evalua- 
tion of research capabilities of the various 
options are the development of life support and 
medical care capabilities. These are incorporated 
as subsystems in each option and budgeted by 
the option. 

Process and Methodology 

I The science, technology, applications and engi- 
neering research redesign team was tasked with 
evaluating each of the three Space Station 
options for its research capability, and develop- 
ing a research program strategy constrained by 
$1.5 billion over a five year period (1994 to 1998). 
This funding includes research facilities being 
developed for the Space Station and flight oppor- 
tunities that  are planned by the NASA research 
organizations beyond the 1995 budgetary hori- 
zon. This includes a number of Spacelab modules 
(e.g., Microgravity Sciences Lab; and Space and 
Life Sciences Neurolab), pallet flights and coop- 
erative research on the Russian Mir. 

Assessing the Needs of the Research 
Community 

For this redesign activity, the following process 
and methodology was used to assess and veri6 
the needs of the research community as they 
relate to the microgravity and engineering 
research disciplines: 

Surveyed and reviewed recommendations 
and strategies developed by the science, 
technology and commercial communities 
(e.g., reports generated by NASA, 
National Research Council advisory com- 
mittees and Space Station discipline sci- 
ence working groups); 
Reviewed the Space Station Freedom 
research requirements data base; 

Updated the science, technology and com- 
mercial requirements in light of recent 
ground and flight investigation results; 
Discussed research requirements with 
the International Partners; 
Discussed research requirements and 
related strategies with NASA advisory 
groups and selected representatives from 
industry and academia as shown in 
Table 1 ; 
Reviewed and validated the Space 
Station research facility data base as 
shown in Table 2; 
Adopted a "strategy to task" approach to 
define research requirements to apply to  
the redesigned Space Station options. 

Table 1 
NASA Space Station advisory groups 

Aeronautics and Space Engineering Board 
Committee on Space Station 

Aerospace Medicine Advisory Committee 

Centers for the Commercial 
Development of Space (4) 

National Research Council - Space Studies Board 

Space Science and Applications 
Advisory Committee 

Space Station Advisory Committee 

Space Station Science and Applications 
Advisory Subcommittee 

Space Systems and Technology 
Advisory Committee 

Task Group on Utilization and Operations, 
Space Station Advisory Committee 
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Program 
NASA 
Microgxnvity 
and Life Sciences 
Research 

Table 2 
Space Station research disciplines and experimental facilities 

Facility or Device 
Biotechnology Facility (BTF) 

Space Station Furnace Facility (SSFF) 

Fluid Physics Dynamics Facility 
(FPDF) 

Modular Combustion Facility (MCF) 

Middeck Class Payloads (MDC) which 
include Space Acceleration 
Measurement System (SAMs) 

Microgravity Science Glovebox (MSG)* 
Gravitational Biology Facility (GBF) 

Human Reseearch Facility (HRF) 

Habitat Holding System ("SI 

Life Sciences Glovebox System 

Research Mecipline(s) 
Biological T i m e  Culturea 
Protein Crystal Growth 
Materials Sciences 

Elechonic 
Photonic 
MetaldAUoys 
Glasses 
ceramic8 

Colloids and 
Electrohydmdynamics 

Critical Point Phenomena 

Multiphase Flow and Heat 
Transfer 

Surface Tension 
Coalescence 
Convective-Difhsive Transport 
Processes 

Interface Dynamics 

Combustion 

Multidiscipline 

Multidiscipline 
Plant Biology 
Developmental Biology 
Cell Biology 
Neurobiology 
Gravity Sensing 
Structural Biosyetems 
Space Physiology 

Cardiopulmonary 
Musculoskeletal 
Neuroscience 
Regulatory Physiology 

Environmental Health 
Operational Medicine 
Radiation Biology 
Human Factors, Behavior and 

Performance 
Gravitational Biology 

Developmental Biology 
Cell Biology 
Plant Biology 

Radiation Biology 
Tlosed h o p  Life Support 

System Reeeamh 
Environmental Health 

Volume 
or Rack I! 

1 

3 

3 
(Common 
CoreRack 
ahared with 

MCF) 

(Common 
CoreRack 

uhared with 
FPDF) 
1 .o 

1 
2 

4 

1 

1 

Nominal 
Power 
&w) 
26 

6.3 

26 

2.6 

2.5 

1.8 
2.0 

3.08 

1.82 

1.83 
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Structures 

Structures 

Table 2 
Space Station research disciplines and experimental facilities (cont'd) 

0.8 0 

0.7 

program 
NASA 

structures 

structures 

structures 

3tructures 

Microgravity 
&Life Sciences 
Reesarcb(cont'd) 

1 0.2 

2 ~ 0 ~ 3  0 

0.027 m 0.3 

0.1 a 0.3 

officeof 
A d d  
Conceptrand 
~echnology 

3tructures 
3tructures 

Engineering 
€&aear& 

I 
0.85 m3 2.5 
3-12m3 1 .o 

Facility orDevice 
2.5 m Centrifuge Facility (CF) 

Controlled Ecological Life Support 
Systems (CELSS) Teat Facility 
(CTF) 

(GGSF) 

(HHMF) 

Gas Grain Simulation Facility 

Human Health Maintenance Facility 

Commercial Microgravity Robotic 
Facility (CMRF) 

Robotic Service Vehicle for the Wake 
Shield Facility (RSV) 

(SEMS) 

(LDSE) 

Facility (SMC Fac) 

(Internal) (SMC Exp [Intl) 

Space Environment Monitor System 

Long Duration Space Experiments 

Spacecraft Materials and Coatings 

Spacecraft Materials and Coatinga 

Spacecraft Materiala and Coatings 
(External) (SMC Exp [Ext]) 

Kvdronen Maser Clock mMC) 

Polymer Matrix Composites (PMC) 
Modal Identification Experiment 

Flight Dynamics Identification 

Flight Dynamics Identification 

Large Deployable Reflector Structural 

Large Deployable Reflector Structural 

strain and Acoustic Sensors 

strain and Acoustic Sensors 

l'hermal Interface Technology 
?oam Structure 

( M E )  

(Internal) 

(External) 

Experiment (Internal) (LDR) 

Experiment (External ) (LDR) 

(External) (SAS) 

(Internal) (SAS) 

Nominal 
Volume power 

Gravitational Biology 2.65 
Plant Biology 
Developmental Biology 
Cell Biology 
Neurobiology 
Gravity Sensing 
Structural Biosystema 

Radiation Biology 
Environmental Health 
CLLSS Research 
Gravitational Biolo 

Radiation Biolo 

nvironmenta 
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FncilityorDedce 
Information Science Experiment 

System (ISES) 
Transient Upset Phenomena (TUP) 
Microelectronics Data 
Advanced Sensor Development/ 

Manned Observation Techniques 
(ASDIMOT) 

System (PIMS) 
Pointable Interactive Monitoring 

Electric ProDulsion Orbital Platform 

Table 2 
Space Station Research disciplines and experimental fmilities (cont'd) 

Nominal 
V o h  Power 

I tem=ch~ip l ina(a )  orRackI, (IrW) 
Information Sys tem 0.2 0.05 

Information Systems 0.2 0.25 
Information Systems NIA 0.26 
Communications and 1 - 0.5 

Information System 

Remote Sensing 0.5 m 3  0.0376 

Pmuulsion 2 rn3 2 E l l g h d n g  
Research 

(RLS) 
In Situ Trace Contaminants (ISTC) 
Acoustic Control Technology (ACT) 
Microbiological Monitor 
Pressurized Small and Rapid 

Human Support 0.2 0.06 
Human Support 0.2 0.1 
Human Support 0.5 0.5 
Multidiscipline 0.1 0.12 

Cryotank Servicing Equipment I Fluid Management I NIA I 1 
Regenerative Life Support Procesaea I Human Support 1 3 I 

Organic Separation by Phaee 

Commercial Electrophoresis Program 

Physiological Sys tem Experiment 

Partitioning (ORSEP) 

(USCEPS) 

(PSE) 

Equipment (BITE) 

Program (CMOX) 

(BZCC-1) 

Biomedical Isomorphiems Test 

Battelle Commercial Mixed Oxides 

Battelle Zeolite Crystal Growth-1 

Battelle Zeolite Crystal Growth-2 

Growth 
Separation and Purification 0.07 0.18 

Separation and Purification 1 0.6 

Physiological Testing 0.18 0.1 

Physiological Tenting 0.6 0.23 

Zeolites and Catalysta 1 o.n 

Zeolites and Catalynta 1 0.3 

Zeolites and Catalysts 1 0.3 

Response PSARR) I I I 
Attached Small and Rapid Response I Multidiscipline NIA 1 I 

I Growth I I 
I Macromolecular Crystal 1 0.6 Protein Crystal Growth-2 (PCG-2) 

(BZCG-2) I I I 
Vapor Transport Facility (VTF) I Electronic and Photonic 1 1 .o I 

I Materials I I 
Commercial Float Zone (CFZ) I Electronic and Photonic 1 2.5 I 

I Materials I I I 
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Table 2 
Space Station research disciplines and experimental facilities (cont'd) 

andMaterials 

1 I 
Space Science I Stratospheric Aerosol and Gas I Earth Atmospheric Sciences I 0.1 In3 I 0.016 

I I -  I Experiment (SAGE HI) I I I J 

Identification and Development of 
Research Requirements 

A set of minimum %ore" user requirements was 
evolved and presented to  the International 
Partners and the various representatives of the 
user disciplines and the advisory groups. The 
resulting minimum research requirements gen- 
erally reflect existing strategies for Space Station 
utilization; they are not necessarily linked to a 
single facility or discipline but are intended to 
accommodate the needs of several research disci- 
plines contributing to  productive and value 

munity requirements that are not yet incorporat- 
ed into the Space Station Freedom program, but 
are either deemed critical to capability or  were 
funded separately through other programs. 
These requirements are summarized in Table 3, 
and are listed in Appendix C under Design 
Guidelines. 

Research Priorities 

A research prioritization strategy was construct- 
ed based on the development and buildup of each 

added science and-technology. Most of these 
requirements reflect current Space Station 
Freedom requirements. Some reflect a compro- 
mise in total capability (e.g., volume and external 
attach points), and others reflect research com- 

option and incremental availability of resources. 
Selection of disciplines was also influenced to 
some degree by the interdependency and poten- 
tial synergism of science objectives. 

Microgravity Sciences 
Biotechnology 
Fluid Physics 
Materials Science 
Combustion 

Technology and Engineering Research 
Modal Identification 
Exposed Facilities (Materials and Coatings) 
Robotic Servicing 
Electric Propulsion 
Foam Structures 
Strain and Acoustic Sensors 
Thermal Interface Technology 
Flight Dynamics Identification 
Pointable Interactive Monitoring System 

~ ~ ~~ ~~~ ~ ~~ 

Biological and Life Scienoe. 
Gravitational Biology 
Human Biology 
Radiation Biology 
Human Factors/Behavior/Performance 
Controlled Ecological Life Support 
Exobi ol ogy 

Space Science. 
Atmospheric Sensing 

Commercial Research 
Biotechnology 
Materials Science 

13 



Space Station Redesign Team Final Report 

Table 3 
Space Station orbital research guidelines 

Research and Crew Size and Provide the minimum science and engineering research requirement of two payload 
dedicated crew for 90 day increments beginning at Human Tended Capability. 0 Capability DlUOth: 

Requirements Power: 

Volume: 

Atmosphere: 

Microgravity 
Environment: 

Provide average 30 kW ,wer for users when the International Partners are 
accommodated. 0 

Provide minimum 12 kW continuous power to an individual payload located in 
the minimum acceleration area (0.707 x lo6 g for 0.01 Hz to 0.10 Hz). 0 
The external attach points should be provided with not less than 3 kW. 0 
Have 28v DC and 12Ov AC available to payloads (local conversion is acceptable). 0 

Have no less than 35 cubic meters available to all users when the International 
Partners are accommodated. Thirteen cubic meters for payloads at human tended 
capability (assume International Standard Payload Rack). - 
dioxide. (The requirement may be implemented at the rack level.) 0 

levels vs. frequency and associated constraints. 0 

Provide normoxic conditions, 21 percent oxygen, maximum 0.3 percent carbon 

Comply with the Space Station Freedom 1992 PDRD requirement for acceleration 

Have an acceleration mapping system consistent with current Space Station Freedom 
baseline. 0 

Have a vibroacoustic control d a n  which can be verified throueh a combination - 
of ground modeling and testing and on-orbit verification. 0 

Communications Provide compressed video downlink. + 
and Data Provide a t o h  downlink capability of not less than 50 Mbps (both tended and 

untended). 0 
Provide uplink video channel. + 
Provide total uplink oE not less than 72 kbps. Spacelab equivalent for stored 
program commands and transfer to Dedicated Experiment Processors, available 
in both untended and tended operations. 0 
Video interface and switching with not less than four payload video cassette 
recorders. 0 
Provide a data outage recorder with enough capability to capture downlink data with 
Loss of Signal to the users not less than Spacelab. 0 
Not less than four external attach points' (including the International Partner's External 

Research 
Provisions 

- 
locations). - 
Locate external attached points in order of following priority: Nadir (e.g., sensor 
development). rarn/wake/port/starboard (e.g.. engineering materials exposure). 
zenith (e.g., celestial viewing), active cooling desirable - 
10Mbpsdownlinkcapability. 0 
Uplink commind capability: 0 
Nitrogen purge supply for furnaces. combustion facilities, etc. 0 Research 

Resources Potable research water. 0 
Nonhazardous experiment gas venting. 0 
Optical viewing window. + 
F'mvide oavlnad access to both air and water cooline. 0 

b r a t i o n s  and Provide capability to change-out payloads during the lifethe of the station. 0 
Ggistics Provide us& access to the Space St&on for samiles, equipment, etc.. with late 

Provide users with logistical resupply of samples. equipment, etc.. in pressurized. 
access for launch at the launch site and early access at the landing site. 0 

powered modules. insuring that animals, refrigerated samples, etc.. are returned 
to researchers in a reasonable time. + 
ShuttldSpacelab capability is acceptable) at the landing site. 0 

institutional audio, video and data communications systems. + 
training should be consolidated at a single location. + 

Provide human physiological baseline data collection capability (cwent 

Include distributed science operations centers that will use commercial and NASA 

Accommodate the United States position: Integrated United States payload 

D - 
1 

Equal to Space Station Freedom capabilities 
Less than Space Station Freedom capabilities 
Unresolved in m n t  Space Station Freedom program 

0 + Originally budgeted by uem, now in common Ybudget bo* 
Rim user requirement not met by Space Station Freedom but "added' 
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Science, Tmhmlogy, Applications and Engineering Research 

An integrated prioritization between the dis- 
ciplines was completed during the course of 
developing “traffic modelsn for each redesign 
Space Station option, but the rationale for that  
prioritization was a function of several parame- 
ters: (1) existing agreements between the disci- 

age of volume available (used for existing Space 
Station Freedom “payload t r f l i c  models:” e.g., 
approximately 40 percent for engineering 
research and technology, 30 percent for micro- 
gravity sciences, and 30 percent for biological sci- 
ences), (2) the capabilities of the Space Station 
design and other orbital platforms to accommo- 
date the research discipline, and (3) availability 
of funds for science and technology research. 

against the individual discipline research goals, 
both in the 1994 to 1998 time frame, and within 
the lifetime of the Space Station: 2000 to 2010. 
The process of identifying the order in which 
research facilities populated the various Space 
Station design options as a function of time 
required a prioritization within and among disci- 
plines and resulted in option based “traffic mod- 
els.” The development of these traffic models also 
required an assessment of the interdependency 
of research objectives, the use of shared facilities 

I pline organizations that relate access to percent- 

, 

I 
The capabilities of each option were matched 

and logistics support. If deficiencies in research 
capability were identified, then additional flight 
opportunities were planned within the context of 
a comprehensive Orbital Research Program 
using a variety of plafforms (e.g., Spacelab, Mir, 
Spacehab, Space Shuttle middeck, freeflyers). 

The traffic models were guided by several 
assumptions and constraints: (1) no more than 
eight Space Shuttle flights per year, (2) maxi- 
mum Space Shuttle on-orbit flight duration of 20 
days until 2000, then increase to 30 days, (3) uti- 
lization flights generally separate from logistics 
and resupply flights, (4) for Human Tended 
Capability oqtions, three visiting flights per year 
with one or two Spacelab flights added, as 
required and (5) the development of research pri- 
orities given constrained resources. 

Although these integrated traffic models also 
contain use of Spacelab and other platform 
flights for the period up to 2001, the most rigor- 
ous evaluation was directed to Space Station uti- 
lization. Specific discussions related to the 
research budget numbers and spread are not 
included here but may be found in the Costing 
Section. An example traffic model is shown in 
Tables 4 and 5 for Option B at Permanent 
Human Capability. It includes both internal and 
attached payloads. 

Table 4 
Space Station attached payload traffic model for Option B through Permanent Human Presence 

t’ I’ si 
~~ 

I Envlmrnental 
Ellects 

Science 1 
- I  

I I 
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Table 6 
Space Station attached payload traffi  model for Option B through Permanent Human Presence 

Functional Evaluations 

The functional evaluations for each option 
depend upon both discrete research criteria for 
individual disciplines (e.g., microgravity and car- 
bon dioxide levels) and the total capability for the 
laboratory with respect to resources including 
power, volume and crew time. Prior to the sta- 
tion redesign effort, the research community had 
identified the Space Station payload and experi- 
ment facilities (Table 2). These facilities and 
their requirements (e.g., power, volume, run 
time, annual run frequency, microgravity 
requirements and logistical supply) were 
matched against the Space Station Freedom 
capabilities. For example, one of these facilities, 
the Space Station furnace facility, is shown in 
Figure 2. The facilities were assumed to  run with 
50 percent power duty cycle (only 50 percent 
powered a t  any one time). A collective utilization 
plan developed by a representative users group 
prioritized the order in which facilities would be 
integrated into the Space Station and operated. 
In most cases, given the Space Station power and 
volume, the limiting variables for these experi- 

~ 

ment “trafEc models” were crew time and logisti- 
cal resupply. The science, technology, applica- 
tions and engineering research group verified the 
Table 2 data base, and it is against this collective 
research population that the options are mea- 
sured. 

tors for what research can be conducted on a 
given platform, for example: 

Research requirements: 

Research requirements become discrimina- 

Measurable microgravity levels 
Carbon dioxide concentrations 
Orbital research duration 
Availability of crewmembers 
Methods to capture data (e.g., video, 

Stable pointing for externally attached 

Experiment resources for facilities (e.g., 

Well trained crewmembers. 

downlink and storage) 

payloads 

power and venting) 

Other parameters measure the capability and 
“potential” productivity, for example: 

Capability and productivity measures: 
Total crew research hours per year 



Science, Technology, Applications and Engineering Reseamh 

Advanced 
AulOnWed 
Dlroctbfml 
sdklntcatkn 
Furnace (MDSF) 

spacelab (USML-1, USML-2, MSL-1,2) 

Multi-zone furnace, multiple cramplet3 
Space Ststlon Furnace 
Facllity (SSFF) 

Space Station Freedom 

Common furnace support 
subsystems, multiple 
instrument racks 

Figum 2 
Solidifiation research pmgram evolution 

Total number of users 
Total power the mck). 
Total volume per time user racks are 

Total data genemtwn and storaege 

Logistical flexibility and frequency ('late 

perishable payloads and resupply; use of 

the Option Assessment and Evaluation section of 
this report. A more detailed evaluation is shown 

Results of the functional evaluations are in 
active 

capability in Appendix F. 

and early access for powered 
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Common Option Considemtions 

Common Option Considerations 

Design Process 

Three Space Station redesign option families 
were chosen for further definition based on 
Space Station Redesign guidelines, cost con- 
straints, basic spacecraft design considerations, 
and heritage from hardware under development 
or in existence. A Station Redesign Team mem- 
ber was named to lead each option activity. 
Design Support Teams were established at 
three NASA centers to perform the detailed 
engineering for the options. No individual center 
possessed the expertise needed in all areas, 
therefore, each team had members from each of 
the following NASA centers: Johnson Space 
Center, Marshall Space Flight Center, 
Langley Research Center, e n n e d y  Space 
Center and Lewis Research Center. The three 
options are: A-Modular Buildup, B-Space 
Station Freedom Derived and CSingle Launch 
Core Station. 

The teams were required to define all 
aspects of a Space Station program including 
detailed technical designs, operations, test and 
verification, logistics, ground processing and 
management structures. The specific products 
from the overall design effort for each of the 
options are the detailed design concept reports 
and backup data books, top level guidelines, 
option specific guidelines and unresolved issues. 
In addition, the program costs for each option 
were developed and are included in the cost sec- 
tion of this report. 

Design Constraints 

A number of requirements and guidelines were 
identified to be common design constraints for all 
options. These constraints are listed in Table 6. 

on the design of all the options. To save cost, 
design support teams were encouraged to find 
design innovations, reduce requirements, substi- 
tute off-the-shelf subsystems and equipment for 
high cost hardware, improve efficiency of existing 
designs, eliminate unnecessary functions, accept 
a higher degree of risk or  reduce user resources. 
At the same time, they were asked to make maxi- 
mum use of existing Space Station Freedom sub- 
systems and equipment where it made sense to 
do so considering the advanced state of design of 
much of the subsystems and equipment. 

The micrbmeteoroid and orbital debris 
model, radiation, and solar flux models used in 
the redesign effort were adopted from those used 
for the Space Station Freedom program and 
Space Shuttle program. These were adjusted for 
the particular launch azimuth assumed. 

All three options were evaluated at the 28.8 
degree orbit inclination as well as at 51.6 
degrees. Although the higher inclination results 
in less performance from the Space Shuttle by 
12,800 pounds, it  provides capabilities that  do 
not exist at the lower inclination. In the follow- 
ing sections of the report, each design option is 
described at 28.8 degrees with the implications 
of flying to 51.6 degrees also addressed. 

Budget constraints have a significant impact 

Added Capability at 61.6 Degrees 

Dual Access (to reduce long term technical risk) 
Resupply by Russian launch vehicles or Ariane 
Human Soyuz launched from Russia, docked at station for use as assured crew return 
Backup human launch capability during periods when shuttle is not available 

Increased Coverage for Earth Observations 
Increased Power Profile 
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Table 6 
Design constraints 

DesiPnConstraints 
- 

Budget: Reduce development costs - 

Operation costs cut in half 
Initial on-orbit research capability-1 997 
Complete development-1 998 
30 kW to users after International Partners 

Microgravity environment 
Data requirements 
Volume 
Atmosphere quality 
Minimum extravehicular activity 
Minimum assembly flights 
Lift capability and debris environment 

Power and other resource requirements 

Fire detection and suppression 

Schedule: 

Science Guidelines: 
are present 

Reduced Technical Risk: 

Orbital Inclination: , 
Accommodation of International Interfaces 
Partner Commitments: 
Safety Requirements: Assured crew return 

Micrometeoroid and orbital debris protection 
Shuttle Constraints: Launch mass and payload bay dimensions, 

where amronriate 

Inherited Issues 

The Station Redesign Team inherited unresolved 
technical issues and design problems from the 
Space Station Freedom program. Some of the 
technical issues are: I 

International Partner control masses are 
not baselined in Space Station Freedom 
requirements. Both the Japanese e 

Experiment Module and the Columbus 
Attached Pressurized Module are cur- 
rently baselined to fly on the Space 
Shuttle with advanced solid rocket motor 
and are too heavy without it. The current 
Japanese and European module masses 
require the availability of the advanced 
solid rocket motor at this point in the 
development program. However, the 
advanced solid rocket motor program 
schedule has been slipped so that the 
motors are not available to  meet interna- 
tional launch date needs. If, in addition, 
the international modules must be 

e 

launched to a 51.6 degree inclination, the 
new lightweight aluminum lithium exter- 
nal tank upgrade, as well as the 
advanced solid rocket motor, are required 
for Space Shuttle delivery of the modules. 
An alternate approach, such as delivery 
to a lower altitude, delivery by an 
expendable launch vehicle, redesign of 
the modules or  schedule slip will have to 
be studied and baselined. 
The United States Space Station 
Freedom module design does not meet 
the program micrometeoroid and orbital 
debris requirement because the environ- 
ment has changed since the design was 
frozen. A final risk trade to address this 
issue has not yet been completed. 
Maintenance during assembly of Space 
Station Freedom falls behind, creating a 
maintenance backlog of failed equipment. 
This backlog is due to lack of sufficient 
extravehicular activity hours available on 
Space Shuttle flights after the assembly 
tasks are completed. 
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Space Station Freedom hardware devel- 
opment schedules are described as 'just- 
in-time to  meet launch dates.' Schedules 
are further complicated by the overlap in 
qualification and verification testing 
schedules with the schedules for the pro- 
duction of flight hardware. These sched- 
ule issues result in significant schedule 
and cost risk. 
Funding for flight bardware spares and 
ground support equipment for the pro- 
gram has been deferred due to 
Congressional budget reductions, leading 
to an inability to obtain spares on an effi- 
cient production schedule for availability 
need dates. 
The data management system is a highly 
complex system which has a high devel- 
opment cost for hardware and software, 
as well as for test and verification. This 
system also has high mass and power 
requirements. Because of the planned 
high degree of automation for Space 
Station Freedom, the data management 
system is designed to be a very pervasive 
system which manages operations, and 
controls and monitors all station hard- 
ware and systems. This makes it difficult 
to upgrade or switch to other system 
designs to achieve greater efficiency and 
reduce integration complexity. 
The assured crew return vehicle is not 
funded. 
Several Space Station Freedom system 
designs, which were used in redesign 
team options, have cost overruns and 
development schedule problems. 
Structural load issues exist during dock- 
ing when using the Russian docking 
mechanism (Space Shuttle and Space 
Station interface issue). 
Unresolved issues exist in agreements 
with International Partners, such as the 
number of simulation trainers to  be pro- 
vided to training facilities, personnel to 
be provided to support real time opera- 
tions, and a cost policy for Space Shuttle 
transportation. 
Space Shuttle orbiter reaction control 
system plume impingement effects on the 
solar arrays need further analysis and 
may require modification to  the orbiter 
thrusters. 

Systems Design 
The systems design and interface complexity are 
powerful factors in hardware and program inte- 
gration costs. Complexity, technical issues and 
significant conservatism exist with current Space 
Station Freedom systems designs. The design 
support teams were encouraged to simplify exist- 
ing designs or find more efficient solutions to 
provide the required system functions. However, 
it is important to note that since the Space 
Station Freedom program is currently at the crit- 
ical design review stage for its systems, consider- 
able cost savings must be found in simplified or 
existing designs to  offset the cost of changing the 
new systems. 

During the development of the design con- 
cepts there was discussion among the teams in 
the systems areas to encourage use of innovative 
ideas which could be applied across the options. 
However, each'team chose system designs that in 
their technical judgment, best fit their overall 
option design. Opportunities remain to  transfer 
one option system design concept to another. 

All design options predominantly draw from 
Space Station Freedom and Space Shuttle sys- 
tems. Simplifications in these systems were 
sought to reduce unnecessary functionality or 
design inefficiency. 

Differences in systems between options are 
shown in Appendix D. Systems are described in 
more detail in the individual Option A, B and C 
sections of this report. 

Power Capabilities 

Each option provides the power system capabili- 
ties in their section. 

and used to calculate the performance of each of 
the options. The unique configuration and archi- 
tecture of each option was modeled. All the calcu- 
lations were made by a single group of individu- 
als using the Station Power Analysis for 
Capability Evaluation code. All calculations were 
performed for a point in time after five years of 
on-orbit life. The calculations for the source capa- 
bilities were performed using the best estimate of 
performance of each component. The source 
capabilities reported are the best expected from 
each option. 

A common set of ground rules was created 
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The power capabilities 'reported are total 
aggregate capabilities. Whether or not the power 
can actually be consumed is dependent on 
specifics such as buss loading the ability to bal- 
ance buss loading, and the amount of overhead 
capacity retained by the operators of the Space 
Station. 

year due to orbital mechanics considerations. An 
example of this variation is presented in Figure 3 
and Figure 4. Figure 3 represents the time varia- 
tion of the available power for one Option B con- 
figuration for a 28.8 degree inclination orbit. 
Figure 4 is the same representation for a 51.6 
degree inclination orbit. Figures presented in the 
Option A section illustrate that operational con- 
siderations can also impact the source capability. 

The source capability vanes throughout the 

Two standard measures of performance have 
been selected, The first measure is the average 
power available during a single orbit that has the 
yearly average shade duration. On Figure 3 this 
standard orbit is typified by day 350. On 
Figure 4 the standard orbit is typified by day 50. 
The performance differs in sunlight and eclipse 
in these examples due to an excess of array 
capacity relative to battery capacity. A weighted 
average of the sunlight and eclipse performance 
is the number used in this report by all options. 
At a 28.8 degree inclination the number is close 
to an annual average. This measure tends to 
overestimate the power available in a 51.6 
degree inclination orbit. 

The second measure is the greatest amount 
of power that can be delivered for a 30 day con- 

~ 

EPS Capability Throughout the Year 
Example: Option B 2 PV Modules (PHPC Configuration) 

BOL+5,28.45; 200nm, Minimum Solar Flux 
LVLH Night Mode, NO TEA Offset, DODc=34% 

Time (days) 
oplion E, BOL4 @ 26.45',2 PV Mod 

Figure 3 
Option B two photovoltaic nodules 
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EPS Capabiiity Throughout the Year 
Example: Option B 2 PV Modules (PHPC Configuration) 

6OL+5,51.6; 2OOnm, Minlmum Solar Flux 
LVLH Fllght Mode, No TEA Offset, DODc=34% 

Time (days) 
Oprlon B.BOL+5@51.6;PPVMod 

Figure 4 
Option B two photovoltaic modules 

tinuous period. This number is very close to the 
bottoms of the performance curves shown in 
Figures 3 and 4. Due to orbital mechanics consid- 
erations, this measure does not change with orbit 
in clin ation. 

measures” of the performance. In addition to  
these standard measures, Option A and Option B 
have included additional information. 

Each option has presented these “standard 

ment. The power system performance degrades 
slowly over time. The time phased capabilities 
should be greater than the five year numbers 
used in the standard measure. However, the 
power system is exceeding the requirement. 
Therefore, the time phased numbers under 
report the capability relative to the standard 
measures. 

Option B has also reported an annual aver- 
Option A has also presented the power capa- age capability. This is obtained by averaging the 

capabilities shown in Figures 3 and 4 over an 
entire year. At a 51.6 degree inclination the 
capacity peaks can influence this average. 

bility as a time phased translation of the Space 
Station Freedom power requirement; i.e., the 
amount of power available at each assembly 
stage if the power system just meets the require- 
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Resource Margins 
In spacecraft design, it is important to maintain 
reserves in resources, including mass and power. 
During this exercise, it was particularly impor- 
tant to maintain margins in mass as  new con- 
cepts or  changes to concepts were contemplated. 
The design support teams managed their own 
reserves using standard approaches. 

In assembling the Space Station using the 
Space Shuttle, a 3,500 pound margin for each 
flight was maintained as  a Space Shuttle manag- 
er's reserve. A 1,800 pound Space Station pro- 
gram manager's reserve also was maintained. 
These mass margins are consistent with those 
currently maintained in Space Shuttle and Space 
Station Freedom programs. In addition, mass 
margins were kept for individual items and sys- 
tems, and the margins varied according to the 
degree of development of the particular system. 
Mass margins a t  critical design review in the 
Space Station Freedom program were kept at 10 
percent. New designs were kept at 20 to 25 per- 
cent. Existing off-the-shelf equipment carried no 
reserve. For example, consider the use of existing 
Space Shuttle systems in Option C. If modifica- 
tions were made, a margin of 5 to 10 percent was 
applied, depending on the magnitude of the 
change. A 15 t o  25 percent mass margin was 
applied to new vehicle structure. 

Calculations for the electric power system 
source capabilities were performed using the best 
performance of each component. All calculations 
were performed by the same members of the 
Redesign Team using consistent groundrules and 
option specific architectures. No margin was 
retained for the source. The source capabilities 
reported were the best expected for each option 
a t  beginning of life plus five years. Margins were 
kept for the system loads, according to the level 
of knowledge of the systems as they relate to the 
power system. All options kept five percent 
reserves for Space Station equipment loads and 
Option C kept zero percent for Space Shuttle 
equipment loads. Table 7 summarizes the 
reserves discussed. 

were also calculated and are reported in the cost 
section. 

Cost and schedule reserves for each option 

Transportation 

Introduction 

The Space Shuttle serves as  the baseline trans- 
portation system for all the options considered by 
the Station Redesign Team. Alternative trans- 

Table 7 
Reserves 
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portation options were examined for the Space 
Station assembly sequence and the on-orbit 
delivery of both crew members and logistical sup- 
port elements. Currently, only the Space Shuttle 
and the Russian Soyuz launch vehicle are human 
rated for crew delivery. The Russian Proton 
launch vehicle and the Ariane 5, currently being 
developed by the European Space Agency, are 
being considered for human rating. Cargo trans- 
portation options include domestic and interna- 
tional launch vehicles and transfer stages. 

Space Shuttle 

Use of the Space Shuttle includes not only the 
Space Shuttle vehicle but the supporting ground 
and flight operations infrastructure. Options A 
and B use the Space Shuttle for assembly, uti- 
lization and logistic flights. Option C utilizes 
Space Shuttle system elements to  create a modi- 
fied launch vehicle to deliver the core station to 
orbit in a single launch. This is followed by regu- 
lar Space Shuttle flights for outfitting, utilization 
logistics and delivery of the international ele- 
ments. 

support equipment inventory, provides a high 
degree of flexibility for station assembly and 
operation. The capability of the Space Shuttle 
varies depending on many factors including 
orbital destination, cargo configuration, crew size 
and a number of other variables. The nominal 
Space Shuttle performance to  a 220 nautical mile 
circular orbit is: 

The Space Shuttle, with its crew and mission 

Orbital Inclination 
28.8 degrees 51.6 degrees 

First el emen t 39,700 lbs. 27,400 lbs. 
launch 
(no rendezvous) 

Subsequent 37,800 lbs. 25,000 lbs. 
launches 
(rendezvous) 

Key ground rules for these capabilities are: 

Five person crew 
Seven day mission duration 
Remote manipulator system installed 
No planned extravehicular activity 
Space Shuttle maiq engine improve- 
ments included 

Capabilities must be reduced for payload 
integration items and for airlocks and 
docking requirements in pressurized and 
unpressurized docking modes. 

The baseline Space Shuttle flight rate is 
assumed to be eight per year. The maximum 
crew duration prior to Space Station permanent 
human Capability is 20 days. This 20 day capabil- 
ity is to be demonstrated by January 1,1998. 
The crew duration will be extended incremental- 
ly after sufficient confidence is gained in crew 
performance after 20 day durations. 

the Space Shuttle main engines, further planned 
and potential improvements to  the Space Shuttle 
include the advanced solid rocket motor, the alu- 
minum lithium external tank and the long-dura- 
tion orbiter. Additional modifications to the over- 
all Space Shuttle system, as required, are noted 
in the description of the three options. 

The advanced solid rocket motor is a design 
upgrade to  the solid rocket motors used in the 
current Space Shuttle configuration. Use of the 
advanced solid rocket motor eventually results in 
a 12,000 pound improvement in Space Shuttle 
payload capability. With funding in the fiscal 
year 1994 congressional budget, the first Space 
Shuttle launch using advanced solid rocket 
motors will be in December 2000. The first two 
flights of the advanced solid rocket motor will be 
test flights where the allowable performance 
improvement will be limited to 8,000 pounds. 
There will then be eight flights with a 10,000 
pound performance allowance before the 12,000 
pound improvement can be entirely used. 
Additional funding could accelerate the first 
launch by two years. 

The current Space Shuttle external tank 
uses aluminum 2219 as its primary structural 
material. The proposed aluminum lithium tank 
uses the alloy aluminum lithium 2195 which is 
superior to aluminum 2219 in strength, stiffness 
and density. Use of aluminum lithium along with 
modest design changes in the tank, result in an 
overall weight savings of approximately 7,500 
pounds. This equates to  a 7,500 pound improve- 
ment in Space Shuttle payload capability. Given 
authority to proceed with the aluminum lithium 
tank program in October 1993, first launch is 
planned for November 1997. Although the mater- 
ial change will affect the external tank stiffness, 
the resulting interface loads remain approxi- 
mately the same and since there are no aerody- 

In addition to the planned improvements in 
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namic changes with this modification, a test 
flight will not be required and the full 7,500 
pound performance improvement will be avail- 
able on the first flight. 

The long-duration orbiter activity is a series 
of system, avionics and software upgrades to the 
orbiter to give it the capability to remain on orbit 
for up to 28 days and have the potential to 
increase this stay-time to 60 to 90 days. This pro- 
gram is a direct follow-on to the current extended 
duration orbiter program which will extend orbit 
stay-time from the current 7 to 10 day baseline 
up to 16 days. The primary factors affecting 60 to 
90 day stay-times are systems reliability, con- 
sumables limitations and crew physiology con- 
cerns. There will be a build-up program to certify 
crew physiological performance beyond today’s 
fourteen day limit. For purposes of this study, 
twenty days was used for human tended Space 
Station flights, although it is anticipated that 
crew stay-times will go beyond that, and may in 
fact be superseded by other limitations (for 
example: crew provision stowage). Should the 
human tended phase be a stopping point, consid- 
eration will have to be given to the use of 
autoland return of long-duration crews, or an 
exchange of pilots using dual orbiter operations. 

Alternative Dansportation Options 

Introduction 

The Station Redesign Team examined a variety 
of transportation options for delivery of humans 
and cargo as an alternative to the Space Shuttle. 
These options are discussed in more detail in 
Appendix E. Expendable launch vehicle options 
for cargo delivery range from use of Titan IV as a 
launch vehicle for first element launch to consid- 
eration of other United States, International 
Partner and Russian launch vehicles and trans- 
fer stages for delivery of assembly elements and 
logistics. The primary focus of the assessment 
was for logistics cargo delivery. However, deliv- 
ery of the international pressurized modules 
(Japanese Experiment Module and the Columbus 
Attached Pressurized Module) to high inclina- 
tions, was also assessed. United States and 
International Partner expendable launch vehicle 
access to  a Space Station at any inclination from 
28.8 degrees to 51.6 degrees is possible without a 
significant effect on payload delivery capability. 

Consideration of Russian transportation partici- 
pation will influence the strategy for the choice of 
the Space Station inclination. Figure 5 depicts 
the options for access to the Space Station, and 
Figure 6 illustrates the alternative vehicles. 

United States Expendable Launch Vehicles 

All United States expendable launch vehicles 
would launch from the Cape Canaveral Air Force 
Station in Florida (latitude 28.6 degrees North). 
The Delta I1 with a modified upper stage could 
perform some small class logistics missions. 
Atlas IIAS, Titan I11 and Titan IV could, in prin- 
ciple, deliver a Russian Progress resupply craft 
or a Soyuz assured crew return vehicle. 
Currently there is no transfer stage for use in 
delivering Space Station hardware on United 
States expendable launch vehicles, however. 

Titan IV could be used for a first element 
launch for Options A and B where a transfer 
stage is not required (no rendezvous). However, 
the Titan IV is not cost effective to NASA for lim- 
ited application. 

International Partner Launch Vehicles 

The European Ariane 44L (largest version of the 
Ariane 4 family) and planned Ariane 5 vehicles 
have the potential to deliver the Progress resup- 
ply craft, the Soyuz assured crew return vehicle 
or a future European assured crew return vehicle 
for all inclinations from 28.8 degrees to  51.6 
degrees. The Ariane 5, scheduled for its first 
flight in 1995, is being designed to cany its own 
automated transfer vehicle which could also be 
used to deliver assembly or logistics elements. In 
addition, the Ariane 5 is designed to be human- 
rated and could potentially be used for human 
access to Space Station. The smaller Ariane 4 
could also deliver the Progress but is planned to 
be phased out in 1999. The European vehicles 
launch from the Guiana Space Center near 
Kourou, kench  Guiana (latitude 5.2 degrees 
North). 

Progress resupply craft to  inclinations from 28.8 
degrees to 51.6 degrees and is not intended to be 
human-rated. The H-I1 is launched from the 
Tanegashima Space Center (latitude 30.2 
degrees North). 

The Japanese H-I1 could be used to launch 
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1 Russian Launch Vehicles 

The launch vehicles considered include the Soyuz 
booster, Proton and Zenit. The Soyuz booster is 
the only human-rated Russian launch vehicle. 
Because of launch site and performance limita- 
tions, it is only capable of delivering the Soyuz 
TM or Progress resupply craft to  an inclination of 
51.6 degrees for human or cargo delivery, respec- 
tively. The Zenit was designed as  a potential 
replacement for the Soyuz booster for transport- 
ing Russian crews to orbit via the S o p  TM and 
is thereby human-ratable. It is also capable of 
Progress resupply craft delivery. As with the 
Soyuz booster, however, the Zenit capability is 
currently limited to inclinations near 51.6 
degrees. 

The Proton has been Russia’s primary heavy 
lift launch vehicle since the late 1960s. It offers 
significant potential to Space Station options uti- 
lizing higher orbital inclinations. The Proton 
could deliver Space Station assembly elements or 
large logistics payloads of up to 38,500 pounds to 
220 nautical miles at a 51.6 degree inclination. It 
is also capable of delivering Progress vehicles or 
a Soyuz assured crew return vehicle to inclina- 
tions as low as 33 degrees. The Proton is not cur- 
rently human-rated. More details on the Proton 
vehicle are discussed in Appendix E. 

The Russian vehicles would launch from the 
Baikonur Cosmodrome in Kazakhstan (latitude 
45.6 degrees North) in support of Space Station. 

Summary 

The Space Shuttle and the Soyuz TM are the 
only currently available humcln-rated systems 
for access to the Space Station. The Space 
Shuttle can deliver humans to inclinations from 

I 

28.8 degrees to  51.6 degrees with varying pay- 
load capability depending on the configuration 
employed. The Soyuz TM delivered to orbit by 
the Soyuz booster is limited to 51.6 degrees due 
to booster capability and range safety limita- 
tions. Other options for human access to the 
Space Station via the Soyuz TM, an assured crew 
return vehicle or other crewed vehicle (e.g., a 
personnel launch system) would require human- 
rating of an expendable launch vehicle, although 
Ariane 5 and Zenit are designed to be human- 
ratable. 

expendable launch vehicle fleets have access to 
the full inclination range. For these vehicles, 
capabilities are relatively insensitive to the dif- 
ferent inclination. However, a transfer vehicle 
capability must be developed. This capability 
could be an adaptation of an existing Russian 
transfer vehicle (e.g., Progress M) or some vari- 
ant, a new vehicle (e.g., the automated transfer 
vehicle), or the modification of a current expend- 
able launch vehicle upper stage or injection 
stage. 

craft assets that  has proven to be both reliable 
and capable. With some modification to  the 
redesigned Space Station options, these launch 
systems could be applied, to varying degrees, to 
achieve multiple human and cargo access to the 
Space Station if it is located at an inclination 
above approximately 33 degrees. To make the 
full potential of Russian systems available, the 
Space Station must be assembled at an inclina- 
tion very near 51.6 degrees and be designed to 
accommodate an approaching expendable launch 
vehicle payload. Such an accommodation would 
enable multiple access from other nations and 
would enable a Proton contribution to  the assem- 
bly sequence as well. 

The United States and International Partner 

Russia has a set of launch vehicle and space- 
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Option A 

Introduction 

Option A is a modular concept responsive to the 
overall Space Station redesign requirements, 
while emphasizing programmatic and design 
solutions that result in a reduced size and cost 
station. The Option A concept concentrates on 
program approaches that offer significant man- 
agement, design and operations cost reduction 
options for a Space Station while focusing on 
maintaining key science and research capabili- 
ties, international commitments and other objec- 
tives. Two very similar and viable options have 
been defined. Either option offers good user 
responsiveness as it builds toward permanent 
human presence, and either is capable of stop- 
ping at any of three intermediate capability lev- 
els. Both options are discussed in this report. 

Option Specific Requirements, 
Guidelines and Constraints 

A major design consideration on Option A is to  
provide a modular buildup approach that, while 
keeping a strong focus on user needs and inter- 
national agreements, also provides a lower cost 
approach to Space Station. The modular buildup 
approach incorporates four buildup phases. 
Phase 1 is a Power Station to which payloads or 
a Space Shuttle and Spacelab could attach. 
Phase 2 is a Human Tended Capability which 
adds a pressurized laboratory with docking ports 
and some international equipment. Phase 3 is an 
International Human Tended Capability 
attained with the addition of the two interna- 
tional laboratory modules and other equipment. 

Phase 4 is a Permanent Human Capability 
achieved by addition of other elements. If cost 
constraints limit the capability of the Space 
Station, it could be optimized for improved per- 
formance at any of the four phases. The most 
efficient and effective operations are attained at 
Permanent Human Capability, which is a prima- 
ry goal. 

A key guideline is to use current and simpli- 
fied Space Station Freedom systems where cost- 
effective, and to  repackage, and simplify ele- 
ments to  reduce overall costs, assembly flights 
and extravehicular activity. Existing systems are 
to  be considered where practical. Specifically, the 
Lockheed Bus-1 spacecraft was assessed for 
guidance, navigation, control and propulsion. 
Selected Space Shuttle and Spacelab systems, 
Russian systems, and limited commercial hard- 
ware were also assessed and incorporated. 

October 1997, with a buildup to Permanent 
Human Capability. Orbiter visits to the Space 
Station during the buildup time frame are limit- 
ed to 16-20 days duration. In the Permanent 
Human Capability phase, orbiter visits are 
intentionally kept shorter (seven days). The 
orbiter uses power from the Space Station in the 
first three phases. Utilization flights are inter- 
spersed with assembly flights in the buildup 
sequence to  enhance early payload operation. 
Some utilization flights include partial comple- 
ments of logistics or other equipment, but each is 
primarily payload-related. 

Alternative orbital inclinations (28.8 degrees 
to 51.6 degrees) were investigated. Major empha- 
sis in the Option A report deals with 28.8 degree 
inclination, with implications summarized on 
other inclinations. 

Option A deployment and assembly begins in 
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Description of Concept 

External Configuration 

Overall Configuration and Capability 
Levels 

Option A includes two very similar options, 
Option A-1 with a Bus-1 spacecraft and 
Option A-2 without the Bus-1. Either option 
builds toward permanent human presence, and 
either is capable of stopping at any of three inter- 
mediate capability levels. Figures 7 and 8 reflect 
this launch and buildup stratkgy for the 28.8 

degree inclination and the resulting configura- 
tion capability levels. Option A-1 and Option A-2 
are compared to the Space Station Freedom in 
Figure 9, which shows the overall configuration 
and element differences among the options. 

Both Option A approaches are considered 
evolutionary. The configurations at the four 
capability levels are shown in Figures 10 and 11 
for Option A-1, and in Figures 12 and 13 for 
Option A-2. For both options, the Power Station 
is established after three assembly flights and 
includes power generation (20 kW), thermal con- 
trol, avionics and attitude maintenance capabili- 
ty. Human Tended Capability adds a common 
core-laboratory with multiple docking ports, and 
is achieved after four assembly flights. The 
Canadian Space Agency’s Space Station Remote 

Power Human Tended Interrmtionai Permanent 
station Capnbilhy Human Tended Human Capability 

W C )  

Features: 

20 Kilowatts 20Kilowatts 40 Kilowatts 60 Kilowatts 
Unmanned Platform LablcoreModule JEMlESA Hab 
Attached Payloads 
Orbiier Tending Orbiier Tending AttachedPaflOads Ajdock 

OhiierlSpacelab Missions CSA SSRMS/SPDM/Other Orbiter Tending AS1 Closet Module 
CSA SSRMS (Option A-2) 

Payload Opemtionr/Utli in 

Modules and Facilities soyuz as ACRV Attached Payloads 
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16-20 16-20 20 20 20 20 
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7 7 
Days Days 
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Operations 

ACRV AssuredCrewRaumVehide ESA EuropeanSpswAgency SPDM Speanl Purpose Dexterous Manlpulatw 
As1 ItallanSpeceAgency JEM Japanese~nmentModule SSRMS Space S t a m  Remote Manlpulatw System 
CSA CanadlanSpamAgency M W  Mini-Pressurized Logmcs Module 

Figure 7 
Modular buildup Space Station phases and potential stop capability points 
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Option A-1 Assembly Flights 

Option A-1 and A-2 Assembly Flights 

Utilization and Logistics Flights 

Not lo Exceed 7 Total Space Shuttle 
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JEM Japanese Experiment Module UF Utilization FliOht 

Figure 8 
Assembly strategy 

Manipulator System is delivered in Phase 1 
(Option A-21, and the Canadian Mobile Servicing 
System is completely operational in Phase 2 for 
both options. The proposed Italian stretched 
mini-pressurized logistics module begins opera- 
tion in Phase 2. International Human Tended 
Capability occurs after 12 assembly flights. 
During this phase additional power generation 
(40 k W  total), additional thermal control, a cupo- 
la, the Japanese Experiment Module, the 
Columbus Attached Pressurized Module and the 
Japanese Experiment Module Exposed Facility, 
Experiment Logistics Module and Exposed 
Section are added. Permanent Human 
Capability, which is attained after 16 assembly 
flights, provides additional power generation 
(60 k W  total), a common habitation module (crew 
habitability with additional docking ports), an 
airlock, a closet module derived from the mini- 
pressurized logistics module, and two Russian 
Soyuz vehicles that serve as assured crew return 
vehicles. 

The general arrangement for Option A-1 and 
Option A-2 is similar, but there is a 90 degree 
difference between Option A-1 and Option A-2 in 
the relative orientations of the truss faces and 
deployed arrays. Either option could be config- 
ured either way. The relative orientation of the 

solar array and the central truss on Option A-2 is 
driven by the power system and first truss sec- 
tion being mated prior to launch. Option A-1 
requires less inboard truss than Option A-2 since 
it does not have attached propulsion modules, 
but it does require a new transition section. This 
new transition section allows the inboard and 
outboard radiators to be aligned. The module 
pattern for both options is driven strongly by 
clearance for the Space Shuttle Remote 
Manipulator System during assembly, and by 
payload viewing requirements. 

The overall dimensions at Permanent 
Human Capability, with the third set of solar 
arrays for Option A-1, are 245 feet overall length 
and solar array tip-to-tip length of 248 feet, and 
for Option A-2 are 281 feet overall length and a 
solar array tip to tip length of 248 feet. These 
overall lengths are 75 feet to 110 feet shorter 
than Space Station Freedom’s 355 feet. The on- 
orbit mass at each phase is shown in 
Figures 10 through 13. 

Design Elements 

Major changes from Space Station Freedom 
include deletion of some truss sections (five in 
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Port Prdntegrated Trusses Starboard Prdntegrated Trusses 
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Figure 9 
Space Station configurations 
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A-1 Power Station 
20 Kilowatts (kW) 3 Assembly Flights 
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Figure 10 
Option A-1 (with Bus-1) Power Station and Human Tended Capability 
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A-1 International Human Tended Capability 
40 Kilowatts (kw) 9 Assembly Flights 

Japanese Experiment Module 

Italian Pressurized Logistics 
Module Docking Location 

2nd Central Subsystem/ 
Module Radiator 

Space Station Remote 
Manipulator System 
Mounted on the Mission 
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A-1 Permanent Human Capability 
60 Kilowatts (kw) 13 Assembly Flights 
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Assured Crew Retum Vehicle 

€SA 
Attached Pressurized 
Module (APM) 
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Figure 11 
Option A-1 (with Bus-1) International Human Tended and Permanent Human Capabilities 
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A-2 Power Station 
20 Kilowatts (kW) 3 Assembly Flights 

Solar Array 
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Figure 12 
Option A-2 (without Bus-1) Power Station and Human Tended Capability 
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A-2 lnternatlonal Human Tended Capablllty 
40 Kilowatts (kW) 12 Assembly Flights 

1st Central (Subsystem and 
Module) Radiator 

1 st Solar 
Array System 

Mini-Pressurized 

Dexterous Manipul 

Array System 
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Figure 13 
Option A-2 (without Bus-1) International Human Tended and Permanent Human Capabilities 
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Option A-1 and three in Option A-21, use of com- 
mon modules rather than nodes plus modules, a 
simplified solar array and battery system, dele- 
tion of alpha rotary joints, a single-phase rather 
than two-phase radiator system, major simplifi- 
cations in the data management and associated 
software, a simplified and smaller airlock (at 
Permanent Human Capability) derived from ele- 
ments of the module, reliance on a stretched 
mini-pressurized logistics module with deletion 
of the pressurized logistics module, and a closet 
module derived from the mini-pressurized logis- 
tics module. A more detailed list of deletions is 
provided in the section of the repbrt on Potential 
Cost Savings Features. 

The orbiter is relied upon to provide crew 
systems support through the International 
Human Tended Capability phase, which includes 
the external airlock (when an orbiter is present) 
and selected extravehicular activity and crew 
support equipment. Other sources of hardware 
include an eight-inch optical window from 
Spacelab, laptop computers, some extravehicular 
activity tools from commercial sources, Bus-1 for 
Option A-1, and the use of the Russian Soyuz 
spacecraft as an assured crew return vehicle. 
Other potential uses of Russian equipment 
include hardware for closure of the environmen- 
tal control and life support system oxygen loop 
and select use of docking hardware. 

1 

Stopping Points 

Each phase offers reasonable capabilities for 
interim Space Station operation and utilization 
during the buildup sequence. If the configuration 
is frozen at one of these phases, adjustments can 
be made to optimize the Space Station for opera- 
tion at that phase. If assembly stopped a t  the 
Power Station phase, the Space Station Remote 
Manipulator System (already present on 
Option A-2), Special Purpose Dexterous 
Manipulator, and payload and orbital replace- 
ment unit accommodation equipment would be 
added for maintenance support. A video and 
high-rate data communications system would be 
added. One external radiator and all laboratory 
umbilicals would be eliminated. "he reboost 
thrusters on the propulsion module (Option A-2) 
would be relocated. Additional mounting loca- 
tions for external payloads would be provided. 

, If assembly stopped at Human Tended 
Capability, Option A would utilize either a com- 
mon core-laboratory or a United States laborato- 
ry module as configured in the Space Station 
Freedom program. The orbiter would be rotated 
90 degrees and docked parallel to the external 
truss to provide improved microgravity for pay- 
loads. The Space Station Remote Manipulator 
System, Special Purpose Dexterous Manipulator, 
and payload and orbital replacement unit accom- 
modation equipment would be added prior to 
completing this modified Human Tended 
Capability phase. Umbilicals for the internation- 
al modules and the common habitation module 
would be deleted, and reboost thrusters on the 
propulsion module (Option A-2) would be relocat- 
ed. There would be no resulting reduction in 
capability at the Human Tended Capability 
phase. If assembly stopped at International 
Human Tended Capability, the primary change 
would be deletion of provisions for integration of 
oxygen generation equipment. 

Internal Configuration 

The Space Station Freedom design includes two 
United States pressurized elements: (1) a module 
and (2) an interconnect node. The modules, out- 
fitted as laboratory or habitation modules, are 
interconnected by nodes. Option A combines 
these two United States pressurized elements to 
form the common module, shown in Figure 14. A 
common module provides the function of a node 
and is also outfitted as a laboratory or habitation 
module, with a pressurized mating adapter on an 
axial port for orbiter mating. The common mod- 
ule serves as the building block for the pressur- 
ized elements comprising Option A. 

The outfitted volume of the common module 
is reduced by one-third of a Space Station 
Freedom module to accommodate the addition of 
four radial berthing ports. Through a combina- 
tion of phased mission requirements definition 
(e.g., definition of stowage requirements by 
Human Tended Capability, International Human 
Tended Capability and Permanent Human 
Capability), subsystems simplification, and elim- 
ination of equipment duplicated in the Space 
Station Freedom modules and nodes, the quanti- 
ty of outfitting volume needed to comprise a labo- 
ratory or habitation module can be reduced by 
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Space Station Freedom Configuration 

Resource' Node 

Optlon A 

1 

1- 344.79 ----I 

All measurements given in inches 

Figure 14 
Common module 
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Figure 15 
Common core-laboratory module 
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approximately one-third, coincident with the out- 
fitting volume available in a common module. 

The rack-based outfitting method employed 
within the Space Station Freedom pressurized 
modules is retained within the common module. 
The racks are arranged in four quadrants within 
the cylindrical section of the module. One row of 
adjacent racks constitutes the floor, the opposite 
row forming the ceiling, and the other two rows 
forming port and starboard walls. This common- 
ality with the Space Station Freedom modules 
allows the common module to incorporate signifi- 
cant portions of existing designs for the primary 
and secondary structure, utility routing, and 
rack and end cone packaging. 

the common module provides nine rack locations 
for International Standard Payload Racks-three 
each in the ceiling and in the port and starboard 
walls. However, with the addition of the 
Japanese Experiment Module and Columbus 
Attached Pressurized Module, another 30 pay- 
load racks are provided; the United States alloca- 
tion is 50 percent of these racks. Other racks 
include: stowage; atmosphere revitalization; 
cabin air, temperature and humidity control; con- 
densate water storage; thermal control; and 
avionics (data management, audio, video, com- 
munications and electrical power). The topology 
is largely driven by the International Standard 
Payload Rack utility interface with the module; 
for example, providing Intem,ational Standard 
Payload Rack utility interface plates in both floor 
and port wall locations would hinder service 
access to utility lines within that structure. 
Likewise, the packaging of subsystem equipment 
in the module end cones precludes location of an 
International Standard Payload Rack adjacent to 
the end cone. The objective was to maximize com- 
monality with the existing design of the Space 
Station Freedom laboratory module. 

A Spacelab eight-inch diameter optical quali- 
ty window is included in one hatch to allow crew 
viewing and Earth and sky scientific observation. 
At International Human Tended Capability, 
observation is  further enhanced through addition 
of a cupola to the laboratory module. When the 
cupola is added, the robotics workstation, former- 
ly located in an unused radial port, will be rede- 
ployed in the cupola, facilitating control of the 
Space Station Remote Manipulator System and 
the Special Purpose Dexterous Manipulator. 

The common module acts as  a “core” module 
when outfitted to provide intravehicular activity- 

When outfitted as a laboratory (Figure 151, 

connected resources to other modules. The com- 
mon core-laboratory presently provides this core 
capability for the attachment of the Columbus 
Attached Pressurized Module. Core capability is 
also provided for the Japanese Experiment 
Module thermal system interface and thereby 
reduces the extravehicular activity required to 
mate the Japanese Experiment Module to the 
Space Station; however, extravehicular activity 
is required to connect the electrical power. 
Providing core capability for the electrical power 
interface is still under study in the Japanese 
Space Agency. 

as a habitation module is shown in Figure 16. 
The design will accommodate a crew of four for 
90-day missions, plus a crew of 10 for the week 
that crews overlap between missions. This com- 
mon module includes a wardroom, galley, show- 
er, waste management compartment, laundry, 
refrigerator and freezer, sleep accommodations 
and crew health care system accommodations. 
These items are either identical to or slightly 
modified from the Space Station Freedom 
designs. The allocated sleep volume, including 
storage, is the same as that provided aboard 
Skylab, proven adequate for an 84-day mission. 
The sleep restraints are in potential dual-use 
locations, and further study is required to deter- 
mine the suitability of these locations. The crew 
health care system exercise facility is deployed 
on orbit in a radial port location. 

Stowage volume for crew durable items and 
consumables is provided by the common habita- 
tion module, the Columbus Attached Pressurized 
Module, the Japanese Experiment Module, and a 
closet module, which is a modification of the 
mini-pressurized logistics module provided by 
the Italian Space Agency. The closet module is 
permanently attached to the common habitation 
module radial port and serves as  a pantry for the 
Space Station as well as providing other required 
stowage volume. The total Space Station stowage 
includes a short duration (14 day) food supply in 
the common habitation module galley, with 
remaining food in the closet module. Consum- 
ables required for a 45-day skip cycle are provid- 
ed. 

The weight summaries of a common module 
are shown in Table 8. The weight for the labora- 
tory module includes all on-orbit weight at 
Permanent Human Capability except payloads 
(International Standard Payload Racks). The 
weight for the habitation module includes all on- 

The topology for a common module outfitted 
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Pmrrurlzed 
. Mating 

' Adapter 

(1) Hatch ~ndUde8 o p t i i q u a  I window 

ACM Atmosphere contrd and monitoring C6T Communicationsandtracking 
ACRV Assured crew return vehiie DMSAV Data management system/audi visual 
APM Attachdpmssurizedmoduk MPLM Mini-Pressurized Logirrtia, Module 
ARS Atmosphere revitalization system ISPR International standard payload rack 
CCWS CMmand and mntrol workstation TCS Thermal control system 
CHeCS Crew healthare system WMC Waste management compartment 

Figure 16 
Common habitation module 

Table 8 
Weight summaries for common core-laboratory and common habitation modules (pounds). 

Subsystem Laboratory' Habltatlon 

Structures 

Mechanisms 

Data Management 

Environmental 
Control and Life 
Support System 

Electrical Power 

External Thermal 
Control 

Extravehicular 
Activity 

Internal AudioNideo 

Internal Thermal 
Control 

Crew Systems 

Vacuum Vent 

14.21 6 

3.508 

2,453 

3.598 

1,739 

286 

63 

506 

2,347 

1.161 

1,081 

14,074 

3.138 

2.275 

4,295 

1,402 

226 

63 

4c7 

2.164 

928 

0 

Total 30,958 Ibs 29,032 Ib: 

* Exduding International Standard Payload Racks 

I 
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orbit weight at Permanent Human Capability. 
The habitation module weight represents the 
launch configuration of a partially outfitted mod- 
ule. Habitation module outfitting is completed on 
a subsequent flight. 

Mission Considerations 

Orbital  Inclination 

Three potential orbital inclinations were consid- 
ered for the Space Station: 28.8 degrees, 43 
degrees and 51.6 degrees. Inclinations above 33 
degrees allow dual access to the Space Station 
from the United States and Russian launch sites, 
but the higher inclinations significantly penalize 
Space Shuttle performance. At lower inclina- 
tions, the Space Station can utilize the standard 
Space Shuttle external tank and can be assem- 
bled at the operational 220 nautical mile orbit. 
The pressurized module launches will require 
some off-loading or downsizing if advanced solid 
rocket motors are not available. At 43 degrees or 
higher, an aluminum lithium external tank is 
required for all flights, and the assembly is iden- 
tical to that at 28.8 degrees. Placement at 51.6 
degrees inclination requires an aluminum lithi- 
um external tank beginning with the first assem- 
bly flight, occasional assembly at lower orbits 
ranging from 170 to 200 nautical miles, and 
greater off-loading or downsizing of pressurized 
modules if the advanced solid rocket motor is not 
also available. Assembly manifests for 28.8 and 
51.6 degree inclinations are addressed in the 
Assembly Scenario section. Launch windows are 
more constrained for the high inclinations. 
Assembly missions at the 28.8 degree inclination 
have launch windows of 52 minutes, whereas the 
launch windows at 51.6 degrees are five minutes. 

An advantage in power generation is realized 
at high inclinations, since the length of time in 
sunlight increases with inclination. The 28.8 
degree inclination orbit provides for viewing up 
to 48 percent of the Earth and an equal percent- 
age of zenith celestial sphere viewing coverage. 
The 51.6 degree inclination orbit allows 78 per- 
cent viewing coverage of the Earth or celestial 
spheres. The micrometeoroid and radiation envi- 
ronments are more favorable at the 28.8 degree 
inclination, with the orbital debris environment 
being about 12 percent worse for a 51.6 degree 
inclination orbit. 

Orbital  Environments 

An analysis shows that the probability of no pen- 
etration for the Option A Space Station designs 
range between 70 and 80 percent for 10 years, 
depending on the configuration and orientation. 
The probability of no penetration for any individ- 
ual critical system is higher than that for the 
overall Space Station. Incorporation of Space 
Station Freedom debris protection enhancement 
approaches, currently under study, could 
improve the overall Option A Space Station pro- 
tection to approximately 90 percent probability of 
no penetration. The habitation module and labo- 
ratory module would require approximately 2600 
pounds in weight increase to meet this number. 

The 28.8 degree and 51.6 degree orbital incli- 
nations, with an altitude of 220 nautical miles, 
give maximum beta angles of 52.3 degrees and 
75.1 degrees respectively. At 28.8 degrees, the 
time in sunlight per orbit varies from 61 to 68 
percent. At 51.6 degrees, the time in sunlight 
varies from 61 to 100 percent. Continuous time 
in sunlight occurs three to four times per year 
and has a maximum duration of five days. As 
stated earlier, the 51.6 degree inclination orbit 
provides higher power generation to the station 
system than 28.8 degree inclination. 

Flight Modes and Propellant Utilization 

Flight Orientations: I t  was necessary early in 
this design to determine the Space Station 
orbital orientation (attitude) and flight mode, 
which provides the best combination of electrical 
power, thermal control, and attitude control 
capability (momentum management), while 
maintaining acceptable microgravity and viewing 
conditions. This challenge was increased by the 
need to use one type of rotation joint instead of 
two, to maintain design simplicity. 

Potential flight modes that were considered 
include the solar inertial attitude, the 
“arrow/combination” mode, and the Ktorque equi- 
librium attitudehornbination” mode. In the solar 
inertial attitude, the Space Station would be ori- 
ented so the solar arrays are always perpendicu- 
lar to the Sun. This allows full illumination of 
the arrays when the Space Station is in sunlight. 
In the arrow/combination mode, the Space 
Station would be oriented with the Space Station 
truss structure aligned with the velocity vector 
(direction of fligh t), like an arrow. The Space 
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Power Station With Orbiter 
Power Station Without Orbiter 
HTC With Orbiter (A-1) 
HTC With Orbiter (A-2) 
HTC Without Orbiter 
IHTC With Orbiter (A-1) 
IHTC With Orbiter (A-2) 
IHTC Without Orbiiter 
PHC With Orbiter (A-1) 
PHC With Orbiter (A-2) 
PHC Without Orbiter 

Station would perform periodic 90 degree rota- 
tions about the velocity vector to orient the solar 
arrays alternately in the orbit plane or perpen- 
dicular to the orbit plane to maximize illumina- 
tion of the solar arrays. The torque equilibrium 
attitudekombination flight mode is a variation of 
the arrow mode and is the preferred mode. The 
Space Station flies with the inertia principal axis 
oriented along the direction of flight, with addi- 
tional slight offset due to aerodynamic torques. 
This results in the truss (body axis) flying at an 
offset angle from the velocity vector with periodic 
90 degree rotations as in the previously dis- 
cussed mode. Table 9 indicates the offset angles 
of the body axis with respect to the local-vertical 
coordinate axis. The truss maintains a constant 
offset angle from the velocity vector. The near in- 
orbit plane columns in Table 9 indicate how close 
angles 2 and 3 are to the ideal value of zero 
degrees. The ideal values for the near perpendic- 
ular-to-orbit plane columns are 90 degrees. The 
configurations with orbiter attached typically 
have larger offset angles than those without the 
orbiter attached. 

6.6 1 .s 7.0 83.0 88.5 
1.3 1.3 1.8 88.2 88.7 
7.4 11.6 13.8 76.2 78.4 

43.9 21.7 27.9 62.1 68.3 
5.4 0.3 0.7 89.3 89.7 

24.0 44.2 49.8 40.2 45.8 
14.3 16.5 16.8 73.2 73.5 
2.7 0.6 0.6 89.4 89.4 
7.8 34.2 34.9 55.1 55.8 

10.4 22.1 22.7 67.9 67.9 
2.4 9.8 10.0 80.0 80.2 

The torque equilibrium attitudekombination 
flight mode and a timeline for the Space Station 
reorientations is illustrated in Figure 17. This 
flight mode allows good celestial and Earth 
pointing. Favorable viewing conditions are pro- 
vided 72 percent of the time when the Space 
Station is oriented with the solar arrays nearly 
perpendicular to  the orbit plane. The microgravi- 
ty environment allows relatively constant condi- 
tions except during the periodic Space Station 
reorientation maneuvers that occur at 8 to 56- 
day intervals. 

83.0 
88.2 
76.2 
62.1 
89.3 

1 40.2 
73.2 
89.4 
55.1 
67.9 
80.0 

Reboost Requirements: For assembly at 28.8 
degree inclination, the Space Station will be 
reboosted immediately after the end of each 
assembly mission to an altitude of 225 to 235 
nautical miles. These reboost intervals and alti- 
tudes, using Option A-1 as an example, are 
shown in Figure 18. The reboost frequency in the 
Permanent Human Capability phase is assumed 
to be 90 days, which is the same interval used for 
Space Station Freedom. The reboost scenario 
during Space Station assembly at the 28.8 degree 

Table 9 
Space Station flight orientation offset angles 

Deflnltlons: 1. Angle Between Y-AXIS (Truse) and Velocity Vector 
2 Angle Between Z-Axls (Solar Arrays) and Orbit Plane 
3. Angle Between X-Axls (PV Fbdlators) and Orblt Perpendicular I-- Fllght Orientatlons All Near IOP Near POP 

Power Station With Orbiter 
Power Station Without Orbiter ' 

HTC With Orbiter (A-1) 
HTC With Orbiter (A-2) 
HTC Without Orbiter 
IHTC With Orbiter (A-1) 
IHTC With Orbiter (A-2) 
IHTC Without Orbiiter 
PHC With Orbiter (A-1) 
PHC With Orbiter (A-2) 
PHC Without Orbiter 

6.6 
1.3 
7.4 

43.9 
5.4 

24.0 
14.3 
2.7 
7.8 

10.4 
2.4 

1 .s 
1.3 

11.6 
21.7 
0.3 

44.2 
16.5 
0.6 
34.2 
22.1 

9.8 

7.0 
1.8 

13.8 
27.9 
0.7 

49.8 
16.8 
0.6 
34.9 
22.7 
10.0 

88.5 
88.7 
78.4 
68.3 
89.7 
45.8 
73.5 
89.4 
55.8 
67.9 
80.2 

I 

42 



Option A 

LOW BdO Angle8 
Y-Axis (Truss) Near Velocity Vector 
2-Axis (Solar Arrays) Near Orbii Perpendicular 

High Beta Angle8 
Y-Axis (Truss) Near Velocity Vector 
2-Axis (Solar Arrays) Near Orbit Plane 
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Figure 17 
Space Station flight orientations 
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Figure 18 
Altitude time history 
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Human International Permanent Human 
Tended Human Tended Capability (PHC) Power 

Function Statlon Capability Capablltty (Yearly Req.) 
1 

Table 10 
Propellant utilization budget 

Momentum Management 

Reboost 

Attitude Control 

Total Per Phase 
(Number d Days) 

2.341 Ib 144 Ib 607 Ib 8,848 Ib 

220 Ib 680 Ib 3.835 Ib 5,085 Ib 

71 Ib 121 Ib 503 Ib 364 Ib 

’ 435Ib 1.408 b 13.1 86 Ib 7.790 Ib 
(248) (1 72) (506) (365) 

lnternatlonal Human 
Power Tended Human Tended 
Station Capablllty Capablltty 

Function 

Momentum Management 46 Ib 246 Ib 3,605 a3 

Reboost 425 Ib 880 Ib 4.900 Ib 

Attitude Control 129 Ib 109 Ib 2,062 b 

Total Per Phase 6ooIb 1.235 b 10.567 b 
(Number of Days) (248) (172) (506) 

orbit inclination requires approximately 40 per- 
cent less propellant than the 51.6 degree inclina- 
tion during the assembly of the Space Station. 
This is because the performance of the Space 
Shuttle a t  28.8 degrees allows all missions to 
reach 220 nautical miles, whereas at the 51.6 
degree inclination some assembly flights may 
occur as low as 170 nautical miles. 

The aerodynamic forces and moments acting 
on the Space Station in low-Earth orbit are 
strongly influenced by the solar arrays. Option A 
aerodynamic drag can be reduced from that used 
in Figure 18 by “feathering“ or rotating the solar 
arrays so that they are edge-on to the velocity 
vector. This reduces the propellant requirement 
for reboost and could be used when maximum 
electrical power is not required by the Space 
Station payloads. Sufficient propellant is avail- 

Permanent Human 
Capablllty (PHC) 

(Yearly Req.) 

953 Ib 

6.395 Ib 

880 Ib 

8.228 Ib 
(365) 

able at each stage of assembly to reboost the sta- 
tion to higher altitudes than those shown. Using 
a combination of such reboost and feathering of 
the arrays, orbital lifetimes of two to three years 
are possible at each stage. 

Propellant Utilization Budget: The complete 
propellant budget for reboost, attitude control 
and momentum management is summarized in 
Table 10. This table lists the propellant required 
to complete each phase of the Space Station 
assembly and provides an estimated yearly pro- 
pellant requirement for the Permanent Human 
Capability phase. The propellant utilization bud- 
get was calculated using a two-sigma atmosphere 
model at the peak of the 11-year solar cycle, rep- 
resenting the most unfavorable expected atmos- 
phere conditions. These propellant requirements 

I 
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should decrease as the solar cycle moves toward 
minimal activity. 

Rendezvous Approach 

The approach to rendezvous assumed for 
Option A is identical to the Space Station 
Freedom program approach. Prior to rendezvous, 
the Space Station will be reoriented to  an atti- 
tude with the truss perpendicular to the orbit 
plane. For Option A-1, the solar arrays will be 
perpendicular to the orbiter approach corridor, 
and for Option A-2 they will be parallel to the 
orbiter approach corridor. The orbiter approach 
corridor to the Space Station is the same as 
planned for Space Station Freedom. The opening 
between the solar arrays has been reduced from 
about 266 feet in Space Station Freedom to  about 
118 feet in Option A-1 and 156 feet in 
Option A-2. A preliminary assessment of orbiter 
plume loads was conducted, and it indicated a 
potential negative margin for solar array boom 
loads. The Option A concept includes orbiter 
thruster modifications to  minimize the plume 
loads; other solutions are also being investigated. 

I 

I 

Assembly Scenario 

Assembly Flight Manifests 

The assembly phase of the Space Station consists 
of assembly flights (including outfitting flights), 
utilization flights and logistics flights. Some uti- 
lization flights include partial complements of 
logistics or other equipment, but each is mostly 
payload-related. The primary content and weight 
of each assembly flight is shown in Table 11. The 
primary difference in the assembly scenario for 
Options A-1 and A-2 can be seen in the first two 
flights. For Option A-1, the propulsion system 
(Bus-1) is launched on assembly flight 1, with the 
power elements on the second flight. Option A-2 
launches equivalent hardware, but in reverse 
order. Flights 3 and subsequent flights are basi- 
cally the same for both options except for control 
moment gyro launches. In Option A-1, control 
moment gyros are from the Bus-1 program and 
are launched with the Bus-1 on flight 1. In 
Option A-2, control moment gyros are from Space 
Station Freedom and launch on flight 3, with a 
backup control moment gyro on flight 5. 

Launches of the international elements 
(flights 7 through 9) will require some off-loading 
of racks or redesign of the current modules to 
stay within the Space Shuttle capability. Launch 
of the common habitation module also requires 
off-loading of some racks. All quoted launch 
weights include an 1,800 pound Space Station 
margin. A Space Shuttle external airlock is 
included as part of the launch weight on flight 5 
and subsequent flights. The 3,500 pound Space 
Shuttle manager’s reserve is maintained on all 
flights. Weight contingencies include 5 to 10 per- 
cent on Space Station Freedom program ele- 
ments and 20 percent on new elements. 

After establishing the Power Station, utiliza- 
tion flights are initiated that take advantage of 
the existing on-orbit Space Station capability. In 
addition to  carrying experiments, selected por- 
tions of these later flights carry limited Space 
Station outfitting racks and hardware. The 
Space Station Remote Manipulator System is 
launched on a utilization flight following assem- 
bly flight 4 for Option A-1, and on the second 
assembly flight in Option A-2. The Special 
Purpose Dexterous Manipulator is launched on 
assembly flight 5 for both options. 

Option A assembly buildup scenarios have 
also been compiled for the 51.6 inclination orbit. 
Shown in Table 12 is a candidate assembly sce- 
nario for Option A-1 at the 51.6 degree inclina- 
tion. This table is based on using the Space 
Shuttle aluminum lithium external tank for all 
assembly flights. As shown in Table 11, the deliv- 
ery altitude is adjusted compared to the 28.8 
degree inclination data. These lower assembly 
altitudes for the 51.6 degree option could be 
raised, but it would require additional off-loading 
or redesign of the launch elements (1,000 pounds 
off-loading per 10 nautical mile increase). This 
could result in remanifesting additional assem- 
bly flights. The advanced solid rocket motor is 
not available until early in the year 2001 and 
cannot be used to launch the heavy International 
Partners’ laboratory modules and the habitation 
module. It is, however, an effective contribution 
to logistics. 

Assembly Operat ions 

For assembly flights prior to Human Tended 
Capability, the orbiter will be berthed via the 
unpressurized berthing mechanism to an adapter 
plate located on the Space Station truss. The 
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Table 11 
Option A assembly scenario, 28.8 degree inclination, 220 nautical miles altitude 

I bunch Welght, Ib 
Components I OptionA-1 

I 
Propulsidn. Bus-1 (A-1 ) 
Truss and Power Equipment, Solar Anay, Batteries (A-2) 
Truss and Power Equipment, Solar Anay, Batteries (A-1 )’ 
SSRMS. SSF Propulsion Modules (A-2) 
Truss. Thermal Control, and Avionics 

36,289 

32.078 

33.847 

37.284 I Common Corenab 

MPLM. 11 Lab Rads. Paybads 
Truss. Thermal Control (2nd Set), and SPDM 
Truss, Power Equipment, and Solar Array (2nd Set) 
Japanese Experiment Module 
MPLM. 10 JEM Rads, Cry0 Tanks, Paybads 
ESA Attached Pressuriued Module (APM) 
MPLM. 11 APM Racks. Payloads 
JEM EF, ELM PS. 8 ES 

37,800 
35.386 
32.855 
37,800 
37.800 
37,800 
37.800 
37.800 

lnternatlonal Human Tended Capablllty - - - - - - - - - - - - - - - - - - - - - - t 
Truss, Power Equipment, and Solar Array (3rd Set) 
Common ModuleMab 
Airlock and Closet Module 
2 Assured Crew Return Vehicles (Soyuz) 

29.695 
37.541 
37.164 
37,759 

APM Anadwd Prerrwued Module 
ELMES 
ELMPS 
€SA EumpeanSosceAgenq 
JEMEF 
* SSRMS for Opom A-1 launched on flghl4a 

Expermen; Logoncs Modu(e Eqmsed Secoon 
Expermern Lognua Module Pressumed Secmn 

Japanese Experwnem Modulo Exposed FaCikty 

orbiter will be positioned in such a fashion to 
allow sufficient reach and free use of its remote 
manipulator system. The Space Station elements 
brought up in the cargo bay will be unloaded and 
positioned for attachment by the Space Shuttle 
Remote Manipulator System. Using currently 
designed hardware, crew extravehicular activity 
will be required to complete the final attachment 
and the release of various holddown mechanisms 
in preparation for deploying antennae, solar 
arrays, radiators, etc. At the end of each flight, 
the unpressurized berthing mechanism will be 
repositioned near the end of the new truss seg- 
ment in preparation for the next flight. This is 
done by unlatching the unpressurized berthing 
mechanism from the truss, moving the truss with 
the Space Shuttle Remote Manipulator System 

Optlon A-2 

39.600 

38,095 
36.047 

.--------- 

37.284 

.--------- 
37.800 
35,373 
37.1 04 
37.800 
37.800 
37,800 
37.800 
37.800 

.--------- 

3 1,563 
37.541 
37.1 64 
37.759 

.--------- 
M M  Mini-Presswed Logisna Module 
SPOM Speaal Purpose Dexterous Manipulator 
SSF Spacesenonfreedom 
SSRMS Space Smon Remote Manipulator System 

and relatching the unpressurized berthing mech- 
anism in its new location. 

After Human Tended Capability is reached, 
the orbiter will dock at the laboratory to continue 
assembly. From this point on, the Space Station 
Remote Manipulator System and the Special 
Purpose Dexterous Manipulator will be available 
for use. A typical scenario consists of the follow- 
ing activities. The new Space Station element is 
removed from the cargo bay using the Space 
Shuttle Remote Manipulator System and handed 
off to the Space Station Remote Manipulator 
System. If the attachment location is within 
reach, the new element is installed at this time. 
If not, i t  will be temporarily stowed on the truss 
via the payload and orbital replacement unit 
accommodation mechanism. The Space Station 
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Assembly 
Fllght 

Table 12 
Option A-1 assembly scenario, 51.6 degree inclination, variable altitude 

Comwnents 

Propulsion. Eus-1 
Truss, Power Equipment, Solar Array, Batteries 
Truss, Thermal Control, Avionics 

t power Statbn - - - - - - - - - - - - - - - - - - - - - - - 
Common CoreRab 

I Human Tended Capabllity ---------------- 
MPLM, 11 Lab Racks, SSRMS. Paybads 
Truss, Thermal Control (2nd Set), and SPDM 
Truss, Power Equipment, and Solar Array (2nd Set' 
Japanese Experiment Module (JEM) 
MPLM. 8 Racks, Cry0 Tanks 
€SA Attached Pressurized Module (APM) 
MPLM. 11 Racks. Payloads 
JEMEF. ELMPSES 
International Human Tended Capability - - -- - - 
Truss, Power Equipment, and Solar Array (3rd Set) 
Common ModuleMab 
Aid& and Closet Module 
Soyuz Not Launched on Shuttle 
Pennanent Human Capability ------------- 

launch 
Weight, Ib 

36.289 
32.078 
33,847 

37,284 

------- 
------- 

34,500 
35.386 
32.855 
37.500 
34,500 
37.500 
34.500 
37.500 

-------. 
29.695 
37,541 
37.1 64 

-------. 

37.000 
35.200 
35.200 193 

Shuttle Llfi Assembly l-l 
37,500 I 170 

35,200 
35.500 
34.500 
37.500 
35.800 
37,500 
35.900 
37.500 

193 
190 
200 
170 
187 
170 
186 
170 

36.200 
37.500 
37,500 

183 
170 
170 

t--------- .--------- 
APM Anached Pressurized Module 
ELMPSES 
€SA European Spaca Agency 
JEMEF 

Experment Logtsna Module Pressunzed secOorv€xposed *on 

Japanese ExperimenI Module Exposed Faality 

MPLM Mini-Pressurized Logistics Module 
nmi Nautical miles 
S P W  Speaal Purpose Dexterous Manipulator 
SSRMS Space Station Remote Manipulator System 

Remote Manipulator System will then move to 
another location to gain proximity to the attach- 
ment point. The new element will then be 
detached from the payload and orbital replace- 
ment unit accommodation mechanism and posi- 
tioned for attachment. This added operation is 
due to the deletion of the mobile transporter and 
adds to the assembly time. A typical operations 
scenario is shown in Figure 19. 

Typical assembly flights will require a crew 
size of five, a mission duration of seven days and 
extravehicular activity times of up to 24 crew 
hours. The exception is flight 7, which will deploy 
the Japanese Experiment Module. It is estimated 
that this flight may require a mission duration of 
12 days and extravehicular activity times of up 
to 32 crew hours. 

At the end of each flight (except flight 1 of 
Option A-21, the Space Station will be left as a 
fully functional spacecraft with its own guidance, 
navigation and control, with the ability to change 
and maintain its orbit with the ability to main- 

tain communication with the ground and with 
the ability to generate its own electrical power. If 
an interruption were to occur in the assembly 
flights, the Space Station would be able to safely 
remain in orbit for an extended period. The only 
exception to this is the first flight of the 
Option A-2. On this flight the first element is left 
in a completely passive mode and will decay from 
orbit in three to five years if not further assem- 
bled. 

The primary differences from Space Station 
Freedom in the assembly of Option A will be 
fewer total flights, deletion of the mobile trans- 
porter and the interposition of the common core- 
laboratory between truss segments. As shown in 
Table 13, the lower number of flights leads to a 
significant reduction in total extravehicular 
activity (less than 230 hours versus Space 
Station Freedom's 381 hours). This option con- 
sists of fewer elements that require integration 
in orbit. 
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Human Tended 

Module-to-Ttuss Adapters 

Rendezvous at 220 Nautical Miles 
Crew Size: 5 
Mission Duration: 7 days 
N A  Estimate: 
- 24 CW hours 

Flight Orientation: - Gravity Gradient (Orbiter's Tail to Earth, Belly Forward) - Ohiier Controls Attitude 

Integration Hardware: - 2 Remotely Operated Electrical Umbilicals (ROEU's) - Data Interface Unil - Grapple Fixture on Lab - Shuttle Remote Manipulator System 

Activate and Check Out Orbier Interface (Data Interface Unit) 
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SRMSEVAl: Attach Starboard Module-to-Truss 

Connect ROEU's to Unpressurized Berthing Adapter 
Unberth Lab and Mate to S1 Truss 
EVA 1: Connect S1 TNSS to Lab Utilities 
Check Out Lab System (Ground) 
SRMS/EVA 2: Attach Port Module-to-Truss 

Unmate Unpressurized Berthing Adapter to S1 Umbilicals 
Deploy Space Station 
Bring Unpressurized Berthing Adapter Home 
Reboost Space Station 

Adapter Structure to Lab 

Adapter Structure to Lab 

Figure 19 
Option A-1 Space Station assembly flight 4 operations 

Systems Description 
The assembly of the Power Station is very 

similar in concept to early flights of Space 
Station Freedom. The major difference is that 
the unpressurized berthing adapter must be 
unlatched and relatched at a new location on the 
truss using the Space Shuttle Remote 
Manipulator System, instead of riding on the 
mobile transporter to a new location. 

laboratory to the truss, although different from 
Space Station Freedom, appears feasible. This 
operation will be done with the Space Shuttle 
Remote Manipulator System. The movement of 
this element from the cargo bay to its attachment 
location maintains adequate clearances and lies 
within the physical capabilities of the Space 
Shuttle Remote Manipulator System. 

The physical attachment of the common core- 

Bus-1 System (Option A-1) 

The Bus-1 spacecraft (Figure 20) was developed 
by Lockheed Missiles and Space Company and 
provides an integrated system to position and 
control an attached payload. Bus-1 has  success- 
fully completed all three Space Shuttle safety 
reviews. The attitude and position reference sys- 
tem meets or exceeds current Space Station 
Freedom requirements. The reboost capability, 
as provided by the two main engines, is single- 
failure tolerant. The data management system is 
at least single-failure tolerant. Bus-1 has a 
health monitoring system with telemetry for 
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Table 13 
Extmvehkular activities required for assembly 

16 
16 
24 
24 
0 

12 
24 
24 
0 
6 
0 

12 
24 
24 

A-1 Derign 

2 
1 

A-1 

Assembly 
Redesign 

FllaMs 
AF-1 
AF-2 
AF-3 (PS) 
A F 4  (HTC) 
AF4A 
AF-5 
AF-6 
AF-7 
AF-7A 
AF-8 
AF-8A 
AF-9 (IHTC) 
AF-10 
AF-11 
9F-12 
9F-13 (PHC) 

16 
6 

Bummary 

of EVA8 (Crew lE:z 
0 
2 
2 
2 
1 
1 
2 
2 
0 
1 
0 
1 
2 
2 
2 
1 

0 
24 
16 
24 
12 
12 
24 
24 
0 
6 
0 

12 
24 
24 
16 
6 

A-2 Derign 

AF-1 
AF-2 
AF-3 (PS) 
AF-4 (HTC) 
AF-IIA 
AF-5 
AF-6 
AF-7 
AF-7A 
AF-8 
AF-BA 
AF-9 (IHTC) 
AF-10 
AF-11 
AF-12 
AF-13 (PHC) 

Total M W n  Total Number Total EVA 
Build Flight8 ol EVA'S Crew Hwrs 

A-1 Design 16 21 224 
A-2 Design 16 22 226 

fault analysis and an autonomous response to on- 
orbit faults. 

Bus-1 guidance, navigation and control is 
provided by an attitude reference system that 
senses deviations from a desired attitude and 
position. This information is processed within the 
data management system and acted on by a set 
of effectors. The attitude reference system con- 
tains nine rate gyros, three star sensors, two 3- 
axis magnetometers and nine Sun sensors. The 
effectors consist of six single-axis gimbaled con- 
trol moment gyros, each rated at 1,700 foot- 
pound-seconds of angular momentum. In addi- 
tion, 12 reaction control thrusters are used to 
assist the control moment gyros. 

Bus-1 contains 11,660 pounds of nitrogen 
tetroxide and monomethylhydrazine propellants. 

PHC Pennonant Human Capability 
PMC PemnenUy Manned Capability 
PS PWerShtbm 
SSF SpawStaUonFreedorn 

The propulsion system is totally contained within 
Bus-1 and consists of four pressurization and six 
propellant tanks, feeding six pairs of 14-pound 
thrusters and two 200-pound reboost thrusters. 
The attitude control engines are positioned cir- 
cumferentially around the aft end of Bus-1. This 
provides the Space Station with the capacity to 
rotate about its principal axes. The reboost 
thrusters provide translational capacity. To pre- 
vent an inadvertent thruster firing, the propul- 
sion system has redundant failure tolerant valve 
sequencing and avionics hardware. There are 
provisions to change out Buses as required, with- 
out loss of attitude control. For Option A-1, 
investigation is continuing on a capability to 
resupply the Bus-1 propulsion system with 

49 



Space Station Redesign Team Final Report 

50 

Propellant Tanks (6) 
Behind 6ulkhead 

Helium Spheres (2) 
Behind Bulkhead 

Control Thrusters (6) 
and Main Thrusters (2) 
Behind K e e l  Trunnion 

Payload Attachment 
Point (Typical of 7) 

Avionics and 

Longeron 
Trunnion 
Location 

Figure 20 
Bus-1 system (skin panels, avionics and deployables not shown) 

propellant transferred froq the orbiter’s orbital 
maneuvering system tanks. 

The power system supplies an average of 
2.6 kW to 1.8 kW for Bus-1 active systems and 
0.8 kW for the payload. For power generation, a 
fixed solar array of gallium arsenide-germanium 
cells, rated at 5 kW maximum output, is mount- 
ed to the payload structure; these cells could be 
mounted on the Bus-l/S4 interface structure for 
Space Station. For power storage, six 90 amp- 
hour nickel-hydrogen batteries are mounted 
inside Bus-1. Heat pipes are used for battery 
thermal control. 

The data management system is composed of 
primary and secondary processors, both with A 
and B strings providing some ,internal redundan- 
cy, and hardwired attitude control logic for back- 
up control. The command and control computer 
operates at 1.4 million instructions per second 
with 96 kilobytes of 24-bit word addressable 
memory. The system can store a maximum of 
12,000 commands. A 100-channel serial input 

and output processor and a remote decoder mul- 
tiplexer are also part of the data management 
system. 

The communications system consists of a 
dual channel S-band transponder capable of 1 
kbps on the uplink and 2 or 32 kbps for down- 
link, with four switchable antennas. The system 
is compatible with the spacecraft ground link 
system used by the United States Air Force. The 
S-band system could be made compatible with 
the NASA Tracking and Data Relay Satellite 
System, but would then be limited to 16 kbps 
downIink. Primary communications are effected 
by a three-axis antenna pointing system located 
on the aft bulkhead. The current primary Bus-1 
communication electronics are not suitable for 
high rate Ku-band Tracking and Data Relay 
Satellite System communications. 

The structure is built around a central 
hexagonal core that acts as the primary load- 
carrying backbone. The six fuel tanks are located 
within this hexagonal core. Bulkheads and 
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transverse partitions are placed around this core, 
creating bays for equipment mounting. Three sill 
trunnions and one keel trunnion are located on 
the periphery for ground handling and to attach 
Bus-1 to the launch vehicle. While not specifical- 
ly designed to meet the micrometeoroid and 
debris requirements, the structural configuration 
offers more inherent shielding than most other 
Space Station elements. 

Bus-1 modifications for Option A-1 are: reac- 
tion control thruster repositioning and modifica- 
tion to ensure two-failure tolerant reboost capa- 
bility; the addition of a mechanical adjustment to 
allow the orbit adjust thrusters to track the 
Space Station center of gravity; solar array relo- 
cation; the addition of an electrical converter, 
communication and data and mechanical inter- 
faces, thermal closeout, and power and data 
grapple fixtures; software changes; and modifica- 
tion of the safe hold mode. An add-on communi- 
cations system is being assessed for the potential 
to perform the communications and tracking 
function for the Space Station. 

At this point, Bus-1 has good potential for 
replacing the Space Station Freedom propulsion 
and attitude control functions with a single piece 
of existing, self-suficient, flight-proven equip- 
ment. However, more detailed analyses remain 
to be performed, such as full determination of the 
attitude control margins associated with Bus-1 
control moment gyros. Also, since Bus-1 is not 
designed for on-orbit maintenance and repair, i t  
must be replaced as a system. Based on its 
demonstrated reliability and inherent redundan- 
cy in design, Bus-1 changeout will be driven by 
propellant depletion rather than system failures. 
Data provided by the Lockheed Missiles and 
Space Company indicates that Bus-1 has operat- 
ed for more than 40,000 hours on-orbit without a 
mission-ending failure, as  evaluated using Space 
Station mission success criteria. 

Structures and Mechanisms 

Option A utilizes the existing Space Station 
Freedom structural design, materials ordered 
and tooling to the maximum extent possible. The 
types of mechanisms for Option A are the same 
as  used on Space Station Freedom, with a 
reduced quantity. Several segments of the prein- 
tegrated truss have been eliminated for the A-1 
configuration. The Space Station Freedom com- 
ponents located in truss segments designated as 

S3, S2, M1, P2 and P3 (Figure 21) are relocated 
to other remaining truss segments, o r  their func- 
tions are provided by the Bus-1 spacecraft. The 
remaining truss segments require modifications 
in order to accommodate such functions as utility 
distribution, orbiter berthing and avionics. 
Several other elements from Space Station 
Freedom are also eliminated; these include the 
solar alpha rotary joint assembly, the mobile 
transporter and the pressurized logistics module. 

For Option A-1, a new truss segment 
between the Bus-1 and the integrated electronics 
assembly truss segment S4 is  required. It is 
approximately 24 feet long to provide the spacing 
necessary for the Bus-1 reaction control system 
to clear the solar array panels. An unpressurized 
berthing adapter interface is provided on the 
truss segment to accommodate orbiter berthing. 
The Option A-l configuration incorporates the 
existing design for the segment-to-segment 
attach system at the Bus-1 interface. The truss- 
to-integrated electronics assembly interface uses 
a four-point. extravehicular activity attachment 
system similar to a design used on Space Station 
Freedom. Another new structure, similar to the 
interface between S4 and S3 on Space Station 
Freedom, is required to adapt the integrated 
electronics assembly truss segment to the S1 
truss segment. Each end of the S1 truss segment 
uses the segment-to-segment attach system 
mechanism. The S1 truss segment will require 
modification to accommodate subsystems from 
the deleted truss segments. This includes two 
radiator panels, repackaging of existing systems 
and the addition of an unpressurized berthing 
adapter interface. Similar modifications and new 
structures are required for the port truss. 

The Space Station Freedom laboratory mod- 
ule and the node are combined into a single ele- 
ment. Two-thirds of the laboratory module is 
merged kith the radial port section of the node to 
form the common core-laboratory module. The 
six node berthing ports (common berthing mech- 
anisms) are retained in the common core-labora- 
tory, with no changes to the common berthing 
mechanism. Modifications to the existing node 
and laboratory component designs include: addi- 
tion of six inches to the radial port section of the 
node, relocation of trunnions, addition of a struc- 
ture to  attach the module to the S1 and P1 truss 
segments, modification of a secondary structure 
to accommodate repackaging, and replacing the 
node end cone with the laboratory end cone. The 
module-to-truss adapter structure is attached to 
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Figure 21 
Space Station Freedom integrated truss assembly 

the module by extravehicular activity, and the 
module is then connected to the S1 truss seg- 
ment with the segment-to-segment attach system 
mechanism. The P1 truss segment will attach to 
the common core-laboratory in a similar manner. 
The module-to-truss adapters are stored on the 
S1 truss segment prior to assembly. The common 
core-laboratory requires additional analyses to 
assess the implications of the load path changes. 
The common core-laboratory structural design is 
also used for the habitation module, with no 
additional core resources provided at the 
berthing ports. An eight-inch-diameter Spacelab 
optical-quality window will be provided in one of 
the habitation hatches. 

For the A-2 configuration, truss segments 
S2, M1 and P2 are deleted and the required func- 
tions of those segments are moved to the remain- 
ing truss segments. The deletion of the solar 

between the integrated electronics assembly and 
the S3 truss segment. A design similar to that 

I alpha rotary joint requires an adapter structure 

used for Space Station Freedom has been select- 
ed. The A-2 configuration uses the common core- 
laboratory, common habitation module, and the 
module-to-truss adapter structure. 

Electrical Power System 

The electrical power system for Option A main- 
tains the basic silicon solar array and nickel 
hydrogen battery concept used on Space Station 
Freedom. The exception to that design was the 
elimination of the alpha joint and the modifica- 
tion of the electrical power system's primary dis- 
tribution architecture. The modular buildup 
approach of electrical power generation is main- 
tained through the utilization of the Space 
Station Freedom Work Package 4 photovoltaic 
module. Each module provides a nominal 20 k W  
electric power generation increment. Option A's 
electrical power system architecture is shown in 
Figure 22. 
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Figure 22 
Electrical power system, modified distribution system 

The beta joints on the photovoltaic module 
are used for solar tracking. Compensation for 
seasonal solar angle (beta angle) losses are mini- 
mized by an orientation maneuver at the opti- 
mum beta angle. The solar arrays are oriented 
perpendicular to the orbit plane for beta angles 
between minus 23 and plus 37 degrees and are 
flown in the orbit plane for other beta angles. 
The yearly orbit average power reduction of 
approximately seven to eight percent by the 
alpha joint deletion is justified by the reduced 
parasitic losses, mass, cost, operational complexi- 
ty and improved reliability. The mode with 
arrays in the orbit plane is required only 28 per- 
cent of the year and allows periods of up to  56 
days to  occur between required maneuvers. 

These changes from Space Station Freedom 
result in overall electrical power system eficien- 
cy improvements and enable a two-failure toler- 
ant system a t  earlier Space Station buildup 
phases. The architecture changes reduce the 

mass and the thermal rejection requirements 
2.7 kW (thermal) per photovoltaic module. 

Power available at each Space Station 
buildup phase is shown in Table 14. Values 
shown are for both orbital average and yearly 
orbit averages. The power available includes 
effects of orientation and array-to-array shadow- 
ing. Performance on a specific day may vary due 
to attitude and/or time of year (see Figure 23). 
Option A-1 and A-2 numbers differ only slightly 
at certain phases of buildup due to  torque equi- 
librium attitude and/or equipment differences. 

At International Human Tended Capability, 
27.4 or  26.0 kW of electricity (orbital average for 
A1 or A21 can be provided to the user when the 
orbiter is not present. Also, 31.0 or 30.0 kW 
(orbital average for A1 or A2) is available to the 
user a t  Permanent Human Capability with the 
addition of the third photovoltaic module. The 
interface to  the international user is maintained 
as defined for Space Station Freedom. Power is 
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Representative 
Orbital Average (kW) 

Yearly Orbital Average ** 
Power 8 Interface 'A" (kW yr/yr) 

Housekeeping 

U.S. Basic Sybsystems192 

Other Elements3 

1ntemationais4 

Available for User (Orbital Ave.) 

(Yearly Ave.) 

SDacelab Users (max ) 

Table 14 
Electrical power system configuration A-1 lA-2 

Orbiter 

23.1123.1 

244124.4 

15.0114.8 

- 
- 

8.1183 

9.49.6 

3.413.4 

Non-Torque Equilibrium Moddnclination = 28.8 Degrees, Power Budget (kWe) 
(All calculations include solar array shadowing) 

47.0147.0 

Flight 
Phase 

47.0147.0 

Power 
Station 

8.3B.7 

- 

10.41 0.4 

17.711 9.3 

- 

10.411 0.4 

~ 

Human Tended 
Capablllty 

27.4126.0 

28326.9 

-- 
Without 
Orbiter 

~ 

18.0116.4 

18.91173 

23.1123.1 

24.4244 

6.716.9 

- 
- 

16.4116.2 

17.711 7.5 

With 
Orbiter 

23.1123.1. 

24.4l24.4 

16.111 6.5 

- 
- 

7.016.6 

8.2l7.9 

International Human 
Tended Capability 

without 
Orbiter Orbiter + 46.1146.1 46.1146.1 

- 
Permanent 

Human 
Capability 

without 
Orbiter 

57.0157.0 

~ 

58.0158.0 

13.N14.8 

2.2l2.2 

10.410.4 

31.0130.0 

32.0131 .O 

~ 

Notes: 

1 Includes Subsystems, Orbiter and Spacelab 
2 Orbiter With 4 Cry0 Tank Sets, 8 kW, 20-day stay 
3 Includes ACRV, Cupola, Closet Module, and Airlock 
4 CSA (1.43 kW), ESA (3.74 kW), NASDA (5.22 kW) 
* LeRC calculated value for average eclipse day at beta angle of 27" and vehicle flying in UPOP orientation. 

t * Derived from Lewis Research Center (LeRC) supplied data. 

provided to Bus-1 after flight 3 and to the orbiter 
as required through the Power Station, Human 
Tended Capability, and International Human 
Tended Capability buildup phases. Space Station 
power is not required by the orbiter a t  
Permanent Human Capability. Spacelab power 
requirements are also provided to the orbiter 
during the Power Station mission phase. 

Thermal Control System 

The Option A thermal control system collects, 
transports and rejects waste heat and maintains 
structures, systems and subsystems within their 
required temperature limits using active and 
passive approaches. The active system 

(Figure 24) consists of a photovoltaic system 
mounted on each photovoltaic truss segment, an 
external central system mounted on the central 
truss segments and a module internal thermal 
control system. The photovoltaic and the central 
external systems utilize the Space Station 
Freedom photovoltaic thermal control design: a 
single-phase ammonia system utilizing dual pas- 
sage radiators, pumps and controls to  provide a 
redundant system. The central system consists of 
a moderate- and a low-temperature fluid loop 
that is cross-strapped to the initial photovoltaic 
loop to provide two-failure tolerance to critical 
loads during buildup. This is a change to the cen- 
tral system on Space Station Freedom which is a 
two phase ammonia system. The common core- 
laboratory module's internal thermal control sys- 
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Figure 23 
Option A: Three photovoltaic modules (Permanent Human Presence Capability configuration) 

tem (Figure 25) utilizes water as the transport 
medium in two loops which are connected to the 
central system via heat exchangers on the mod- 
ule end cones. T'he moderate- and low-tempera- 
ture loops are cross-strapped to provide redun- 
dancy for critical systems. This system also col- 
lects waste heat from the mini-pressurized logis- 
tics module and provides structural heating of 
the cupola. The laboratory also supports the 
Columbus Attached Pressurized Module and the 
Japanese Experiment Module via coolant connec- 
tions to two additional sets of heat exchangers 
mounted externally on the laboratory. The com- 
mon habitation module has a similar system and 
provides coolant support for the airlock. These 

internal systems are identical to  the Space 
Station Freedom internal thermal control 
system. 

and truss-mounted equipment utilize heaters, 
insulation, coatings and isolators to maintain 
temperatures within required limits. Some truss- 
mounted equipment also uses passive radiators, 
louvers and phase change materials. Command 
and data management for both internal and 
external thermal control is provided by the 
onboard data management system. 

tics and capabilities. Failure tolerance is 
improved over the baseline Space Station 

The modules' passive thermal control system 

Table 15 summarizes the system characteris- 
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Figure 24 
External active thermal control system overview 
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Figure 25 
Internal thermal control system overview schematic 
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Table 15 
Space Station thermal control system characteristics 

Photovoltaic Thermal Control System ( PVrCS) 

Utilizes WPO4 baseline single-phase ammonia 
PV-1: 2 independent loopsaingle-failure tolerant to 50% pwi 
PV-23: 2 cross-strapped loops-single-failure tolerant to 

PV TCS jumped to CTCS for two failure tolerance for station 

Deleted 6 BCDU's and 2 DCSU's 

2.7 kW (36%) load reduction from baseline (7.4 kw) 
PFCS performance: 

50% heat rejection 

survival 

- Added 2 MBSU'S 

- Pump cap: 2.570 lbhr 0 23.1 PSlD and 1 O F  
- Power: 265 W average Weight: 210 Ib 

Radiator perf.: Eight 2-sided panels 960 R rejects 
-7.4 kW QD - 0 "F 

PSMT PHC 
Weight (Ib) 2,743 5,486 
Power ON) 538 807 

Internal Thermal Control System (ITCS) 

WPOl baseline-single-phase water 
U.S. Lab: MTL-25 kilowatts HX 

LTL-14 kilowatts HX 
supports: 
- Cupola window frame thermal control- 

Two refrigeratorhems racks in MPLM with 
1.8 kW/500 lWhr ' 

- APM and JEM with 1 MTL and 1 LTL HX ea.- 
HXs mounted to lab end cone 

- MTL (61-65 OF): 2.5 kW housekeeping 8 636 Ibhr 

- LTL (36-42 OF): 4.1 kW housekeeping 8 2.084 Ib/hr 
22.5 kW PR 8 2,364 l b h  

8.1 kW P/L 8 416 Ibhr 
HT PHC 

Weight (Ib) 1,791 3,582 
Power (W) 600 1.100 

Central Thermal Control System (CTCS 

6 WPO2 two-phase ammonia radiators replaced by four 
WPO4 single-phase radiators 
Two external temperature loops 
Central bus supports truss-mounted DDCU's and 14 kW 
and 25 kW heat exchangers mounted to lab end cone. 
APM and JEM heat exchangere also mounted to lab 
end cones. 
CTCS radiator performance estimates 
- LTL 14 kW 8 -58°F 
- MTL: 20 kW 0 - 36 O F  

One WPO4 PFCS for each radiator 

P m T c  PHC 
Weight (Ib) 9,812 19,624 
Power (W) 538 1,060 

Passive Thermal Control System 
(WCS) 

Truss-Mounted 
Equipment 

Detailed truss 
layouts and 
passive thermal 
design to be 
accomplished in 
implementation 
phase. 

APM Aneched Pressurized Module 

CTCS Central Thermal Control System 
DCSU Direct Current Switching Unit 
HX HeatExchanger 
JEM Japanese Experiment Module 
kW Kilowatt 
LTL Low Temperature Loop 
MBSU Main Bus Switching Unit 

BCDU BatteryCharge/D*charge Unit 
MPLM 
Mn 
PFCS 
PHC 
P/L 
P M  
TCS 
WP 
'F 

M i  Pressurized Logiotics Module 

Pump and Flow Control subaseembly 
Modmate Temperature Loop 

Pemanent Human Capability 
Payload 
Power Stat i iumn Tended 
Themal Control System 
work Package 
Degrees Fahrenheii 

Lab 

MLI wt: 1,240 Ib 
Cold environment 
heat leak 350 W 
Hot environ heat 
gain: 20 W 

B No design issues. 

Orbiter 
Thermal 
Control 
System 

1 Analyses indicate 
orbiter TCS 
performance 
is adequate. 
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Freedom design by modifying the central system 
to a design similar to the photovoltaic thermal 
control system and cross-strapping the two radi- 
ator systems. This also eliminates the develop- 
ment and verification of a second thermal control 
system. All of the system interfaces remain 
unchanged. 

Propulsion System 

The Bus-1 propulsion system, used in 
Option A-1, is described in the Bus-1 systems 
description section. Although not yet mature, 
several concepts are being investigated to resup- 
ply the Bus-1 propellant system with propellant 
transferred from the orbiter orbital maneuvering 
system tanks. The propulsion module for 
Option A-2 is identical to the Space Station 
Freedom propulsion system. There are two 
replaceable propulsion modules at the Power 
Station and Human Tended Capability phases, 
and four propulsion modules at the International 
Human Tended Capability and Permanent 
Human Capability phases’. Each propulsion mod- 
ule weighs 11,300 pounds, including 6,800 
pounds of hydrazine. There are ten 25-pound 
attitude control thrusters and three 55-pound 
reboost thrusters on each module. These 
thrusters are configured to allow the Space 
Station to translate and orient in all directions 
and attitudes (6 degrees of freedom). The propul- 
sion module has three levels of inhibits, redun- 
dant failure tolerant valve sequencing and avion- 
ics hardware to prevent inadvertent thruster fir- 
ing. When the propellant in the propulsion mod- 
ule is depleted, the entire module is replaced and 
returned from orbit for propellant resupply and 
reuse. 4 

Guidance, Navigation and Control System 

Hardware  Functional Description: Although 
the actual hardware used varies from Option A-1 
to Option A-2, the types of hardware required 
and their functions remain constant. Block dia- 
grams of the Option A-l and A-2 guidance, navi- 
gation and control systems are shown in 
Figures 26 and 27, with Option A-2 being identi- 
cal to Space Station Freedom. 

Space Station attitudes and attitude rates 
are measured by two different assemblies. The 
inertial sensor assembly consists of gyros that 

measure the three-axis inertial rates for stabi- 
lization purposes and as a backup to the star 
sensor inertial attitude reference. Inertial atti- 
tudes are determined by either star scanners 
(A-1) or star trackers (A-2). Either type measures 
the position and magnitude of stars, which can 
be compared to a catalog of known stars to deter- 
mine inertial attitude. 

The control system effects Space Station atti- 
tude changes through either the attitude control 
system thrusters or the control moment gyros. 
The control moment gyros provide the primary 
attitude control because they do not in them- 
selves use propellant and because fine control (in 
low microgravity) can be achieved. The control 
moment gyros’ capability will be exceeded (and 
reach maximum momentum storage capability) 
for some configuration and orientation combina- 
tions, and must be desaturated. The thrusters 
are used to desaturate the control moment gyros 
and also for certain large-angle attitude changes 
(reorientation to a completely new attitude). In 
addition, on Option A-2 only, the thrusters (or 
passive magnetic dampers) are used for primary 
attitude control during the early buildup phases 
when the control moment gyros are not opera- 
tional. 

Navigation is handled differently for the two 
options. Option A-1 uses a Global Positioning 
System receiver. Position information is received 
from Global Positioning System satellites already 
on orbit and relayed to the ground, where the 
position is calculated and sent back to the Space 
Station. Option A-2 uses radar systems on the 
ground to track and locate the Space Station. 
The position is then relayed to the Space Station. 

Interfaces: The guidance, navigation and con- 
trol standard interface consists of the state vec- 
tor (position and velocity, attitude, and attitude 
rates), an indicator of the state vector quality, a 
vector that points to the Sun, solar eclipse times, 
and times when radio communication to the 
ground is made or lost. The users of this stan- 
dard interface include the thermal control sys- 
tem, communications and tracking, the Japanese 
Experiment Module, payloads, the electrical 
power system and the orbiter. In addition to 
these standard interfaces, special interfaces are 
maintained with the data management system, 
ground control, the Japanese Experiment Module 
Remote Manipulator System and the propulsion 
system. 
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Active guidance, navigation, and control CMG Control Momentum Gyroscope 
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I/F Interface 
RCS Reaction Control System 

Figure 26 
Option A-1 (with Bus-1) guidance, navigation and control subsystem 

Data Management System 

The data management system provides distrib- 
uted data communications and processing for the 
Space Station. A schematic of this system 
appears in Figure 28. 

sor design using the Space Station Freedom 
baseline multiplexer and demultiplexer, with 
some enhancements, as a replacement for all 
standard data processor based units. Option A's 
architecture also deletes the fiber optic networks 
and associated hardware components, and uses 
1553B data buses for all system communications. 
Other data system hardware changes include 
replacement of the workstations with portable 
laptop computers and the use of a modified com- 
ponent of the orbiter display system to imple- 
ment an interface with the orbiter. 

The data system is based on a single proces- 

A simpIified software architecture is provid- 
ed by deleting the object management protocol 
and many of the data management system stan- 
dard services in Space Station Freedom. This sig- 
nificantly reduces software complexity and sim- 
plifies the software interface with the 
International Partners and with existing ground 
systems. Deletion of the standard services 
reduces schedule and program risks for software 
generation and integration. 

Verification is simplified due to the data bus 
architecture, separation of external truss and 
internal module functions, and distribution of 
subsystem control. The software development, 
verification, validation and build responsibility 
resides with the system hardware developer. A 
large centralized software test and verification 
facility is not required. 
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Option A-2 guidance, navigation and control subsystem 

1 ----- 
T G N I C  1 . p r o p u ~  Bu*l 

To 
Ilalian 
MPLM A I 

I canm 1 

ACRV krtured crew relwn vehide JEM J p p ~ e r e  GqmhaU Module 
APM Anached Presurnred Module MOM MuUpkxerMomuU@kJW 
FC Fiiwarecontrdler MPLM MiPrerrurired L o g i r k s  Module 
GWC Guidanoe. navigatm. and control 

Figure 28 
Communications and data management system 
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The 802.4 data bus and fiber optic network 
interfaces with the International Partners are. 
deleted. The 1553B data buses now provide an 
interface between modules for core and payload 
data. An enhanced capability for routing and 
multiplexing payload data is provided by auto- 
mated payload switches and payload data multi- 
plexers. This provides payload-to-payload data 
transfers and efficient use of the Ku-band down- 
link. The Space Station Remote Manipulator 
System and the Special Purpose Dexterous 
Manipulator require a dedicated robotics work- 
station separate from the Space Station data 
system. 

Communications and Tracking System 

The communications and tracking subsystem 
consists of three separate radio frequency sys- 
tems: an S-band system, a Ku-band system and 
an ultrahigh frequency system. Each of these 
systems uses the hardware being developed for 
the baseline Space Station Freedom program. A 
schematic of the system appears in Figure 28. 

The S-band system is single-failure tolerant 
and is used to support voice commands and 
telemetry between the Space Station and the 
ground via the Tracking and Data Relay Satellite 
System. The system is capable of receiving 
uplink data rates of 72 kbps and of transmitting 
downlink data at 192 kbps. For Option A-1, the 
existing Bus-1 Space Ground Link system S- 
band system will be used until the permanent S- 
band system is installed on the Space Station. 
The Ku-band system, which is capable of trans- 
mitting 50 mbps, will be available for the human 
tended phase. A communication outage recorder 
is included for payload data, providing a mini- 
mum of 116 gigabits storage capacity. The ultra- 
high frequency system, which is used to support 
extravehicular activity, is not implemented until 
the Permanent Human Capability phase. 

A wireless system provides the primary 
means of audio communication, allowing a reduc- 
tion of the hardwired audio terminal units to 
only one for each major module. The audio termi- 
nal units are used primarily for caution and 
warning annunciation. Both a hardwired inter- 
face to  the orbiter and the interface to the Ku- 
band system that provided audio for video lip 
synchronization were deleted. The system grows 
from a zero-failure tolerant to  a single-failure 

tolerant system a t  Permanent Human 
Capability. A single audio terminal unit is 
retained; however, redundancy is provided by the 
audio terminal units in each of the other mod- 
ules. Changes to the video system include a 
reduction in the number of inputloutput ports, 
deletion of split-screen processing, and the use of 
commercial camcorders instead of the currently 
baselined internal video camera. Because the 
fixed data system workstations are deleted, there 
is a need to add a video display device. The liquid 
crystal display unit being developed for the 
orbiter is used for this function. 

Option A’s communications and tracking sys- 
tem is compatible with the ground systems cur- 
rently being designed for Space Station Freedom. 
These ground systems will support a 
Consultative Committee for Space Data Systems 
communications protocol. If necessary, the 
redesigned communications and data manage- 
ment system design can be modified to  be com- 
patible with currently existing ground facilities 
which accept data using a time-division multi- 
plexed protocol. Also under consideration is an 
option to use existing hardware and software 
that might be available from the orbiter and 
Spacelab. 

Environmental Control and Life Support 
Systems 

The Option A Space Station environmental con- 
trol and life support system is divided into six 
functions, defined in Figure 29. The design is 
based on Space Station Freedom hardware, with 
design provisions to allow incorporation of exist- 
ing Russian equipment for on-orbit oxygen gener- 
ation. 

The overall environmental control and life 
support system accommodations for both the 
crew and payloads at Human Tended Capability 
and International Human Tended Capability are 
the same as the current Space Station Freedom 
design. In the Space Shuttle-tended operations, 
the basic life support functions for crew habit- 
ability will be provided by the Space Shuttle 
orbiter, including waste management, potable 
water supply and extravehicular activity sup- 
port. When the Space Station is permanently 
occupied by the crew, these functions will be on 
board the common habitation module of the 
Space Station. 
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Figure 29 
Option A environmental control and life support system functions 

The major changes to the environmental con- 
trol and life support systems design in Option A 
from the baseline Space Station Freedom are 
summarized as follows: 

Significant environmental control and 
life support systems hardware was delet- 
ed by using common core-laboratory and 
common habitation module elements 
instead of nodes and modules. Deleting 
hyperbaric operations airlock equipment, 
including the gas conditioning assembly, 
simplified the hardware required for 
extravehicular activity operations. 
Primary environmental control and life 
support systems equipment eliminated 
were the node cabin air conditioning 
assemblies, tanks, valving, plumbing, 

and sensors associated with atmosphere 
supply and control, fire detection and 
suppression, and air revitalization. 
The approach to  meeting failure toler- 
ance for designs at Permanent Human 
Capability was simplified to: 
- Delete the redundant string of water 

reclamation and utilize the 1,200 
pounds of stored fuel cell water to  
satisfy life support during mainte- 
nance of the single string and the use 
of the assured crew return vehicles if 
maintenance cannot be accomplished 
within 30 days. 
Delete one rack of temperature and 
humidity control cabin air hardware 
in the common habitation module 
(utilizing maintenance as a leg of 
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redundancy and orbital replacement 
units in the redundant temperature 
and humidity control rack located in 
the common core-laboratory module). 
Delete one waste management com- 
partment, using maintenance of the 
remaining unit as a leg of redundan- 
cy, and using “Space Shuttle-type 
bags” and/or assured crew return 
vehicle as the third leg of redundancy 
for this two-failure tolerant function. 
Reduce oxygen and nitrogen cryo- 
genic tank requirements and the 
number of attachment locations on 
the truss. 

- 

- 

All of the above design changes resulted in 
launch weight savings, savings in development 
costs for hyperbaric airlock operations, and sav- 
ings in recurring costs for all of the redundant 
equipment eliminated. Option A eliminated a 
total of 3,503 pounds of environmental control 
and life support systems weight from the Space 
Station Freedom baseline for Permanent Human 
Capability. 

In addition, Option A reduced the overall 
environmental control and life support systems 
power required at both Human Tended 
Capability and Permanent Human Capability 
from the Space Station Freedom baseline. A total 
savings of 208 watts occurred in the Space 
Shuttle-tended mode, and a savings of 1,993 
watts occurred in the permanently occupied 
mode over the Space Station Freedom baseline. 
Significant power savings were associated with 
the elimination of node equipment peculiar to the 
Option A configuration. However, other power 
saving features were implemented that could 
also be implemented in the current Space Station 
Freedom design or other options being consid- 
ered in redesign. 

storage of the oxygen and nitrogen consumables 
showed that the cryogenic storage should be 
retained, with an option to consider an oxygen- 
loop regenerative system at Permanent Human 
Capability. Russian equipment potentially could 
be used for the oxygen-loop closure equipment 
(carbon dioxide reduction and oxygen genera- 
tion). The oxygen-loop closure eliminates oxygen 
resupply requirements (13,000 pounds per year) 
at the expense of more environmental control 
and life support systems qower required at 
Permanent Human Capability. 

A trade between cryogenic storage or gaseous 

Flight Crew Equipment Systems 

The Option A crew systems are simplified ver- 
sions of the Space Station Freedom systems. 
Remaining intact from the Space Station 
Freedom baseline are the personal hygiene sys- 
tem (shower, waste management compartment, 
and handwash, oral hygiene and eyewash sys- 
tem), restraints and mobility aids, laundry, gal- 
ley (oven, refrigerator, trash compactor, nominal 
and skipped-cycle food storage, drink dispenser 
and eating utensils), crew health care system 
and illumination. Deleted from the Space Station 
Freedom baseline are the film stowage chiller 
(refrigerator), film cameras and film (personal 
and operational equipment), and safe haven pro- 
visions. Deletions affecting crew systems are the 
wardroom windows and window workstation pro- 
visions, and the hyperbaric airlock capability. 

Descoped crew system items include reduced 
clothing volume (lightweight clothing), interfac- 
ing partitions, a maintenance work platform 
replacing the maintenance workstation, and lap- 
top computers replacing the command and con- 
trol workstations, element control workstation, 
and cupola workstation (Figure 30). A dedicated 

Figure 30 
Laptop Workstation 
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Space Station Remote Manipulator System and 
Special Purpose Dexterous Manipulator control 
Space Station for both on-orbit and ground-based 
operations will be provided. Additionally, the 
portable emergency provisions, including breath- 
ing masks and portable fire extinguishers, were 
reduced with the elimination of the nodes, while 
crew systems storage racks in the common habi- 
tation module module were reduced in number. 

The Space Station Freedom maintenance 
workstation has been descoped to  a lightweight, 
portable maintenance work platform capable of 

I 
I 

restraining orbital replacement units, tools and 
small items such as nuts and bolts (Figure 31). It 
is provided on-orbit with the common core-labo- 
ratory module. Both intravehicular and extrave- 
hicular tools are provided at Permanent Human 
Capability, with the orbiter tools used prior to 
that time. 

Permanent Human Capability when they are 
Space Station-provided. Pressure suits remain 
the Space Shuttle extravehicular mobility units. 
The crew and equipment translation assembly 
cart has been replaced with the simplified sup- 
plemental crew and orbital replacement unit for 
on-orbit transfer and restraint, a manually pow- 
ered crew translation platform. The portable 
work platform and articulated portable foot 
restraint are replaced with existing hardware 
including the Hubble Space Telescope portable 
foot restraint and orbiter manipulator foot 
restraint. Other Space Station Freedom extrave- 
hicular assembly system items-including the 
temporary equipment restraint assembly and 
tether shuttle-are deleted or reduced in scope, 
or they are replaced with less complex but simi- 
larly functioning items. Crew and vehicle safety 
are maintained to Space Station Freedom base- 
line specifications. 

Extravehicular Activity System 

The crew utilizes the orbiter extravehicular 
assembly equipment, including airlock, until 

Small Item Restraint 

r (Screen) 

Worksurface 

Wx17'xlO' Extendable to 48'xl7'xlQ' 
12 Ib mass 

Figure 31 
Maintenance platform 
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Automation and Robotics 

For Option A, the Space Station Remote 
Manipulator System moves by 'stepping" from 
one stationary power and data grapple fixture to 
another (Figure 32). Payloads and orbital 
replacement units, mounted on unpressurized 
logistics carriers, are transported by the Space 
Station Remote Manipulator System to the pay- 
load and orbital replacement unit accommoda- 
tion locations on the truss. Orbital replacement 
units with grapple fixture attachments will be 
transported to the worksite by the Space Station 
Remote Manipulator System. All other orbital 
replacement units will be transported by a device 
that translates via monorail. 

The Special Purpose Dexterous Manipulator 
attaches to the end of the Space Station Remote 
Manipulator System. I t  is used to replace robot- 
compatible orbital replacement units and elimi- 
nates the need for extravehicular activities assis- 
tance. Ground control of the Space Station 

Remote Manipulator System and the Special 
Purpose Dexterous Manipulator is added to com- 
plement on-orbit control capability. This capabili- 
ty can potentially be used to reduce crew intrave- 
hicular activity robotic workload. 

Manufacturing Considerations 

The manufacturing plan for fabrication and 
assembly of the Option A components and sub- 
assemblies utilizes essentially the existing tool- 
ing, tool designs and assembly fixtures from the 
Space Station Freedom program and the Bus-1 
program. This includes tooling and fixtures that 
have been purchased or fabricated for these pro- 
grams. For example, the common core-laboratory 
utilizes the same component forming, welding, 
and subassembly fixtures and tooling used to  
fabricate the node and laboratory modules. 
Additional tooling and fixtures are required to 
accommodate changes made to the common core- 

\ 
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laboratory to adapt to new interfaces, such as the 
module-to-truss attachment. The same manufac- 
turing facilities and ground support equipment 
are also utilized, but require adjustments in the 
integration, assembly and checkout, since there 
are fewer hardware elements. Integration and 
checkout of the subsystems in the common core- 
laboratory differ from the node and laboratory 
module procedures, using one contractor rather 
than separate contractors for the node and lab. 

Final fit, function and performance checks of 
the integrated launch packages will be performed 
a t  the launch site processing facility at the 
Kennedy Space Center. 

Test and Verification 

The verification approach employed for Option A 
differs significantly from the Space Station 
Freedom approach in both scope and scale. A 
considerable portion of the Space Station 
Freedom verification task, addresses verification 
of distributed systems equipment provided by 
one work package to another as government fur- 
nished equipment. Using a single prime contrac- 
tor eliminates the need for this verification activ- 
ity and allows NASA to focus on verification of 
the flight elements. In addition to this reduction 
in scope, the Option A design has fewer flight 
elements, which reduces the scale of the verifica- 
tion task relative to Space Station Freedom. A 
comparable reduction in scope is achieved in the 
verification process for International Partner and 
participant elements. Option A design features, 
such as core module interface provisions and 
data management system simplification, reduce 
the magnitude of the interagency verification 
activity. That interagency verification activity 
which remains will be conducted in accordance 
with the Space Station Freedom plan. 

element includes three basic steps: (1) flight ele- 
ment verification is performed on site by the 
prime contractor encompassing verification of the 
flight element against element level require- 
ments (i.e., configuration end item specification), 
(2) verification of integrated flight elements is 
performed at Kennedy Space Center addressing 
verification of the interfaces and mutual func- 
tionality of interfacing flight elements, and (3) 
on-orbit checkout verifies the operational readi- 
ness of the fielded flight element. NASA takes 
delivery of the flight element subsequent to suc- 
cessful completion of step 2. 

The Option A verification plan for a flight 

Just  as the modular architecture of Option A 
requires the Space Station to be assembled in 
stages, i t  also allows the Space Station to be veri- 
fied in stages. A hand-off strategy underlies the 
integrated verification testing. In this strategy, a 
flight element arrives at Kennedy Space Center 
and subsequently undergoes integrated testing 
with flight elements to which it interfaces but 
that launch on preceding assembly flights. Prior 
to its launch, this same flight element will under- 
go integrated testing with interfacing flight ele- 
ments that launch on succeeding assembly 
flights. Prior to their launch, these flight ele- 
ments will in turn undergo integrated flight test- 
ing with interfacing flight elements that  launch 
on succeeding assembly flights, and so an. This 
test flow is shown in Figure 33 for the flight ele- 
ments comprising the first five assembly flights. 
Where a flight element launches prior to the 
arrival at Kennedy Space Center of an .interfac- 
ing flight element (e.g., the launch of the com- 
mon core-laboratory prior to delivery to Kennedy 
Space Center of the Japanese Experiment 
Module), simulators will be employed in the inte- 
grated testing. However, the hand-off strategy 
also supports verification of simulators. The 
mini-pressurized logistics module-to-common 
core-laboratory interface is verified in an inte- 
grated test. The physical interface (i.e., berthing 
mechanism) and a significant portion of the func- 
tional interface of the common core-laboratory 
simulator can subsequently be verified against 
the mini-pressurized logistics module, prior to 
usage of the simulator in integrated testing with 
the Japanese Experiment Module, Attached 
Pressurized Module, common habitation module, 
and other pressurized elements, including Soyuz 
assured crew return vehicles. 

Orbiter Modifications 

Preliminary assessments indicate that the 
orbiters used to assemble Option A may create 
high plume impingement loads on the solar 
arrays at certain phases of the assembly. 
Resource estimates have been included for 
orbiter thruster modifications to minimize the 
plume loads, and other potential solutions have 
also been defined or are under study. 

The orbiters used with the Space Station at 
the Power Station phase and Human Tended 
Capability phases will require extended-duration 
orbiter modifications for longer stays at the 
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Figure 33 
Testing and launch processing flow 

Space Station (20 or more days). However, this 
study assumed a 20-day maximum orbiter stay- 
time because of crew limitations, but the orbiter 
modifications and outfitting currently planned 
for this capability will suffice. 

be required for three orbiters beginning with 
flights after the Human Tended Capability is 
achieved. Prior to the Human Tended Capability 
(flights 1 through 4, Tables 11 and 121, an 
unpressurized berthing adapter will be used to 
berth the orbiter to the Space Station elements 
for assembly and payload operations (Power 
Station phase). This adapter is a new structure, 
which is designed to bridge the Spacelab tunnel 
during the Power Station utilization phase when 
the orbiter or Spacelab is docked at the Space 
Station. The adapter provides both power and 
data interface between the orbiter and Space 
Station. 

An external airlock with docking adapter will 

Integration Factors 

Interfaces have been simplified in Option A by 
reducing the number of truss segments required 
for the configuration from that required by Space 
Station Freedom, and by integrating the func- 
tions of the Space Station Freedom modules and 

-nodes into the Option A common modules. 
Utilization of the Bus- 1 guidance, navigation, 
control and propulsion capabilities will require 
some modifications of the existing Bus-1 systems 
to provide compatibility with the Space Station. 
While significantly fewer in quantity, the techni- 
cal complexity of element-level interfaces for 
Option A is comparable to that for Space Station 
Freedom for the NASA elements. However, in 
general, the interfaces for the International 
Partners have been simplified. The electrical and 
thermal interfaces between the common core- 
laboratory and the Attached Pressurized Module 
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have been reconfigured to allow internal connec- 
tivity, versus the Space Station Freedom method 
of requiring extravehicular activities for connec- 
tion. The thermal interface between the common 
core-laboratory and the Japanese Experiment 
Module has likewise been reconfigured to allow 
internal connectivity. The necessity for providing 
data management system orbital replacement 
units between Partners has been eliminated. 

tem is designed to be compatible with the Space 
Station Freedom ground system design. If the 
Bus-1 spacecraft is employed, its command and 
telemetry system must be used until assembly 
flight 2; the Bus-1 communications system is not 
compatible with the NASA Tracking and Data 
Relay Satellite System and will require interac- 
tion with United States Air Force ground facili- 
ties. 

Option A element development and delivery 
schedules have been developed to ensure suffi- 
cient time is available to support the Space 
Station launch and assembly. Modifications to 
the orbiter fleet and the Bus-1 spacecraft can be 
accomplished in the time available to support the 
Space Station schedule. 

The Option A command and telemetry sys- 

Performance Capability 

Weight Summary 

Weight estimates were typically developed at the 
component, subassembly, subsystem, and ele- 
ment levels. Twenty percent margins were allo- 
cated on all new items, and a five to ten percent 
margin was allocated on Space Station Freedom 
equipments. The final on-orbit weights for each 
phase are summarized below: 

Option A-1 Option A-2 
(pounds) (pounds) 

Power Station 90,000 98,000 
Human Tended 132,000 140,000 
International Human 
Tended 344,000 354,000 
Permanent Human 
Capability 480,000 488,000 

These totals include the respective buildup 
and summation of all United States and interna- 
tional elements that make up each phase. 
Additional weights by flight are shown in 
Table 11 for both Option A-1 and Option A-2. 
Launch weight margins for each of the 16 assem- 
bly flights for Option A-1 and A-2 are shown on 
Figures 34 and 35. All of the flights have weight 
margins in addition to the station and Shuttle 
manager's reserves of 1800 pounds and 3500 
pounds respectively. A summary of weights by 
subsystem (United States subsystems only) and 
international elements is reflected in Table 16, 
including a comparison to Space Station 
Freedom. 

Power Summary 

Electrical power available at each Space Station 
buildup phase is shown in Table 14 for both 
Option A-1 and Option A-2. The power generated 
by the solar arrays is shown for two conditions, 
orbital average and yearly orbital average. The 
housekeeping power includes station subsystems, 
assured crew return vehicles (21, cupola, closet 
module, airlock, orbiter or  Spacelab, and the 
International Partner elements. The power avail- 
able for payload users is shown for the yearly 
orbital average condition. At Permanent Human 
Capability, the power to the users exceeds 30 kW 
for both Option A-1 and Option A-2. For the two 
human-tended phases, the power is shown for 
both the orbiter attached to the Space Station 
and the Space Station without the orbiter 
attached. A further breakout of the housekeeping 
power for the United States systems at the 
Permanent Human Capability phase is shown in 
Table 17 for both Option A-1 and Option A-2, as 
well as a comparison to Space Station Freedom 
housekeeping power. 

Safety and Reliability 

General 

Option A designs are two-failure tolerant where 
required to support Space Station survival for 
the functions of electrical power, data manage- 
ment, thermal control, guidance, navigation and 
control, and reboost from the Power Station 
phase onward. For power and thermal control 
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Table 16 
Option A subsystems weight summary 

Launch Weight (pound) 
Subsystem Space Station Freedom A-1 A-2 

Data Management 10,341 6,720 6,330 

Electrical Power Generation 34,852 27,700 30,127 

Power Distribution and Control 29.1 93 19,237 14,793 

Communications and Tracking 3.323 2,400 2,269 

Enviromental Control and Life Support System 19,304 9,266 9,266 

Thermal Control 33,399 31,460 28,880 

Crew Health-Care System (Note 2) 1,653 1,653 

Crew Systems 10,767 3,521 3,621 

Propulsion 29,412 1,755 18.835 

132,670 143,521 Structures 166,623 

Mechanical Systems 38,418 9,454 9,435 

Guidance, Navigation, and Control 2,819 3,444 1,868 

Extravehicular Activity 9,202 666 1,176 

Utilities (Note 3) (Note 3) (Note 3) 

Consumables 30,292 17,140 19,360 

Bus-1 Additions 0 1,121 0 

Total U.S. Systems Subtotal 41 7,945 268,306 291 ,I 32 

Mini-Pressurized Logistics Module 11,639 9.771 9,771 

Assured Crew Return Vehicle 17,530 29,693 29,693 

European Space Agency 31,405 28,980 28,980 

Japanese Experiment Module 58,643 65,260 65,260 

Canadian Space Agency 10,841 6,357 6,357 

Total 548,003 408,367 431,193 

(1 ) General 
Weights are from SSF Feb. 1993 Level II Resources Margin Summary and from LMSC Bus-1 Data. - Weights do not include FSE, payloads, nor 1,800 pounds SSF margin per flight. 
'Consumables" includes crew consumables, propellants, and cryos. 

(2) Included in man systems weights. 
(3) Included in subsystems weights. 

i 
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Table 17 
Option A subsystems power summary 

at Permanent Human Capability, without orbiter, United States elements and systems only 

United States Systems 

Data Management and Applications SMI 

Electrical Power Generation 

Power Distribution and Control 

Communications and Tracking 

Environmental Control and Life Support 

Thermal Control 

Crew Health Care 

Crew Equipment (Crew Systems) 

Propulsion 

Structures (Primary and Secondary) 

Mechanical Systems 

Guidance, Navigation, and Control 

Extravehicular Activity 

Utilities 

Consumables 

Miscellaneous 

Margin 

Bus-1 (Option A-1) 

Total 

Housekeeping Power (kW) 
Yearly orbital average 

SSF 

3.48 

0 

1.48 

1.06 

5.41 

1.70 

0.32 

1.43 

0.90 

0 

0.20 

0.53 

0.01 

0 

0 

0 

0.79 

0 

17.31 

ODtion A-1 

1.82 

0 

0.91 

1.23 

3.66 

1.98 

0 

1.48 

0.29 

0 

0.10 

0 

0 

0 

0 

0.22 

0.58 

1.11 

13.38 

Option A-2 

2.12 

0 

1.07 

1.23 

3.66 

1.98 

0 

1.48 

1.24 

0 

0.70 

1.01 

0 

0 

0 

0.22 

0.70 

0 
~ 

14.81 
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functions, this represents an improvement over 
the Space Station Freedom design and was 
achieved by redesign of existing power system 
hardware and use of cross-strapping between the 
central thermal control and photovoltaic thermal 
control systems in the event of failures. 
Option A-1 utilizes Bus-1 to accomplish two-fail- 
ure tolerance for guidance, navigation and con- 
trol, and propulsion functions, while Option A-2 
retains the Space Station Freedom baseline 
designs for those functions. 

ity and improved commonality by eliminating 
several types of orbital replacement units in the 
data management system and thermal control 
system. Both the central and photovoltaic ther- 
mal control systems now use the same single 
phase ammonia hardware, totally eliminating all 
hardware associated with the Space Station 
Freedom two-phase system. The data manage- 
ment system eliminates all standard data proces- 
sors, ring concentrators and fiber optic network 
hardware in favor of a design that uses Space 
Station Freedom multiplexers and demultiplex- 
ers and military standard-1553B data buses. The 
electrical power system eliminates direct current 
switching units and battery charge-discharge 
units. These changes yield simpler designs and 
eliminate high-maintenance equipment. 

The design of nearly all environmental con- 
trol and life support system hardware is identical 
to that used on the Space Station Freedom. 
These designs have been thoroughly reviewed 
and comply with current reliability require- 
ments. Use of flight-proven Russian hardware is 
proposed for carbon dioxide reduction and oxygen 
generation a t  the Permanent Human Capability 
phase. 

The Option A designs have reduced complex- 

Crew Survival 

For crew survival functions, Option A imple- 
ments the same approach utilized on Space 
Station Freedom, with the orbiter or assured 
crew return vehicle providing a third leg of 
redundancy for non-time-critical failures. 
Atmosphere control failure tolerance is accom- 
plished early by incorporating two pressure con- 
trol assemblies in the Option A laboratory mod- 
ule. This, combined with the orbiter, provides 
two-failure tolerant atmosphere control starting 
a t  Human Tended Capability. A third pressure 
control assembly arrives on orbit with the launch 

of the Option A habitation module to ensure 
pressure control, capability even if the laboratory 
must be isolated due to a contingency. Prior to 
Permanent Human Capability, air revitalization 
is provided by the laboratory air revitalization 
system, atmosphere dilution and the orbiter. At 
Permanent Human Capability, a n  additional air 
revitalization system rack is provided in the 
habitation module, thereby eliminating the need 
to dump the atmosphere following failure of the 
laboratory air revitalization system or following 
a laboratory isolation event. Option A uses the 
Space Station Freedom fire protection system to 
provide automatic fire detection and suppression 
in the laboratory and habitation modules. 
Option A is a modular concept that provides the 
crew with the capability to isolate a n  undesired 
event (i.e., depressurization, contamination or 
fire) from the other habitable volumes by closing 
hatches and intermodule ventilation valves. 

Assured Crew Return Capability 

Capability to return crew members during an 
emergency is provided by two Soyuz spacecraft, 
each of which can carry two crew members and 
medical gear. Both Soyuz spacecraft are attached 
to the habitation module. They are launched on a 
single Space Shuttle flight if the station is at a 
28.8 degree inclination, and are delivered to the 
station by the Russian Soyuz launch vehicle if 
the station is a t  51.6 degree inclination. 

End-of-Life Safe Disposal 

Option A, like the Space Station Freedom, is 
-based on a modular concept that facilitates end- 
of-life safe disposal by utilizing the Space Shuttle 
to return modular segments to Earth. 

Resources Available to Users 

A major goal of the Space Station redesign activi- 
ty is to ensure that any new design or modifica- 
tion of the existing design adequately accommo- 
dates a wide array of microgravity sciences, life 
sciences and other sciences in internal and exter- 
nal attached payloads. Particular importance 
was assigned to  the accommodation of micrograv- 
ity sciences and life sciences payloads which 
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require a long-term, stable microgravity environ- 
ment. 

development is to characterize the effects of 
space on organisms, particularly humans. 
Option A provides a long-term, stable, low-gravi- 
ty environment and up to 12 kW provided to 
some user racks. In addition, payload accommo- 
dation resources such as power and volume are 
provided in the three laboratory modules capable 
of adequately accommodating life sciences 
research and development, including a cen- 
trifuge. Moreover, provisions are made at 
Permanent Human Capability t o  accommodate a 
life sciences mini-laboratory, including a cen- 
trifuge module and supporting life sciences hard- 
ware. 

During the Power Station phase of Option A 
assembly, the Space Shuttle and Spacelab pro- 
vide an on-orbit research capability to accommo- 
date up to eight equivalent double racks of micro- 
gravity materials processing, life sciences inves- 
tigations and other science experiments for 

A very important goal of space research and 

extended operations of up to 20 days. These 
orbiter and Spacelab flights utilize the early 
Space Station elements primarily as a source of 
power and attitude control. The orbiter and 
Spacelab together provide all other necessary 
functions required to operate payloads. 

When the orbiter is not docked, the micro- 
gravity profiles are good throughout the assem- 
bly sequence. During Human Tended Capability, 
the entire common core-laboratory is within one- 
microgravity or less. During International 
Human Tended Capability, when the Japanese 
Experiment Module, Columbus Attached 
Pressurized Module, and common core-laboratory 
are all operational, all laboratories are within 
the two-microgravity zone, with the majority of 
laboratory space lying within the one-microgravi- 
ty zone, as shown in Figures 36 and 37. When 
the orbiter is docked, the Space Station is skewed 
in orientation and the microgravity degrades. 
When the orbiter is docked at Human Tended 
Capability, the common core-laboratory is within 
a four-microgravity zone, and at International 

b c 
A Nadir 

POP-Perpendicular-to-Orbit Plane 
Figure 36 

Option A microgravity zones at International Human Tended Capability (view 11, 
arrow mode, without orbiter 
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- 
I 

- 
- 
- 

t Nadir 

Figure 37 
Option A-1 microgravity zones at International Human Tended Capability (view 2), 

arrow mode, without orbiter 

Human Tended Capability, the majority of all 
three laboratories are within the fnur-micromav- 

Astronomy and astrophysics payloads can also 
use external mounting locations. - 

ity zone, with portions of the Japanese 
Experiment Module extending outside that zone. 
I t  is anticipated that configurations can be 
adjusted to  improve microgravity environments. 

are provided on the nadir and zenith sides of the 
truss at the unpressurized berthing adapter loca- 
tions (Figures 38 and 39). Other possible payload 
attachment locations are also shown on these fig- 
ures. Viewing in the ram and wake directions is 
achieved by proper orientation of the payloads 
mounted at these locations. Additional external 
mounting locations are provided on the Japanese 
Exposed Facility (10 sites). An eight-inch diame- 
ter optical quality scientific window is provided 
in a hatch located on a radial port in the habita- 
tion module in Option A-1 and in the end of the 
closet module in Option A-2 at Permanent 
Human Capability. A similar window is provided 
in a radial port hatch in the laboratory for both 
Options A-1 and A-2, but this window is later 
covered by the cupola upon its delivery to  the 
Space Station. Earth sciences payloads can use 
the windows and external mounting locations. 

Attachment locations for external payloads 

Payloads can be operated during times when 
the Space Station is occupied and unoccupied, at 
all buildup stages. Utilization missions are flown 
between Space Station assembly and logistics 
flights. The four standard phases of Option A 
buildup offer plateaus at which Space Station 
operation and utilization can continue for a while 
before proceeding to the next phase. If such an 
aperation were planned to continue for any 
length of time at a given plateau, the Space 
Station could be optimized for operation at that 
plateau. 

Experience gained from operations of 
Spacelab payloads has shown that payload vol- 
ume, crew time, power and payload consumables 
are major factors in accommodating research and 
development payloads on space vehicles. Other 
important and oRen critical factors to particular 
experiments are communication links, video, 
venting and microgravity levels. 

Option A provides nine user racks at the 
Human Tended Capability phase and a total of 
39 user racks with the addition of the two 
International Partners’ laboratories. Reduction 
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Power Station 
20 Kilowatts (kW) 3 Assembly Flights 

On-Orbtt Mass = 98 klb 

1 
Run 

Human Tended Capability 
20 Kilowatts (kW) 4 Assembly Flights 

On-Orbtt Mass = 140 klb 

Sea! 

Hatch Seat 
Tmdc 

International Human Tended Capability Permanent Human Capability 
40 Kilowatts (kW) 12 Assembly flights 60 Kilowatts (kW) 16 Assembly Fights 

On-Orbit Mass = & klb On-orblt Mass = 354 klb 

Starboard 
Seat Tracks 

Figure 39 
Option A-2 candidate attached payload locations 
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in both external and internal maintenance and 
simplification of systems enable Option A to pro- 
vide approximately 7,000 hours per year of crew 
time to support user activities. Both Option A 
designs provide a substantial increase in average 
payload power as compared to present Space 
Shuttle and Spacelab missions. The user power 
comparison for Option A-1 is shown in Figure 40; 
data for Option A-2 is nearly identical. Option A 
provides user downlink capabilities of 43 
megabits per second. A communication outage 
recorder with a 116 gigabits storage capacity is 
provided. Users are also provided a laboratory 
equipped with an acceleration mapping system, 
user refrigerator and freezer, pressurized nitro- 
gen gas, potable water, the capability to vent 
waste gas, both liquid and air payload cooling, 
and a vacuum source. An eight-inch optical qual- 

I 

ity window is provided on an available or unused 
hatch. At Permanent Human Capability, approx- 
imately 20 percent of user racks in the three lab- 
oratories are within a one-microgravity level, 
approximately 92 percent are within a two- 
microgravity level, and all of the user racks are 
within a four-microgravity level. Provisions to 
mount external, attached payloads in ram, wake, 
nadir and zenith are provided at 14 locations at 
Permanent Human Capability 

Accommodation of International 
Partners 

International Partners and participants with 
NASA in the Space Station Freedom program are 

Non-Tomue Eauilibrium Attitude Moddlnclination = 28.8 Degmu~ - 
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Figure 40 
Option A-1 available payload power comparison 
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the National Space Development Agency of 
Japan, the European Space Agency, the 
Canadian Space Agency and the Italian Space 
Agency. 

both the functions of elements provided by 
International Partners and, with minor excep- 
tions, their elements’ hardware and software 
interfaces to the NASA elements, including 
agreed-to intersite deliverables. For instance, 
International Standard Payload Rack interfaces, 
as specified in the International Standard 
Payload Rack for NASA-European Space Agency- 
NASDA Modules interface control document, are 
unchanged with the exception of modification to 
the data interface. The changes required in the 
other multilateral interface control documents 
are similarly small in scope, preserving to the 
maximum extent the existing Space Station 
Freedom interfaces. For instance, the addition of 
the Italian Space Agency-provided closet module 
will not impact the interface of the mini-pressur- 
ized logistics module; the interface of the closet 
module to the common habitation module will be 
an adaptation of the mini-pressurized logistics 
module to cQmmon core-laboratory interface, 
building upon the existing Space Station 
Freedom interface definition for the mini-pres- 
surized logistics module. Where interfaces have 
been revised, significant effort has been made to 
ensure that the revised interface is simpler or 
otherwise improved over the Space Station 
Freedom design. 

Partners can be summarized in the following 
four categories: (1) utilization and payload 
resources; (2) attachments and interfaces; (3) 
location and orientation; and (4) schedule. The 
impact on each International Partner for each of 
these categories are summarized in Table 18. 

One primary impact has  been identified 
under the ”attachments and interfaces” category. 
Specifically, the interface for the Canadian Space 
Agency’s Mobile Servicing System has changed 
as a result of the deletion of the NASA-provided 
Mobile Transporter. This impacts the manner in 
which the Canadian-provided Space Station 
Remote Manipulator System and Special 
Purpose Dexterous Manipulator interface with 
the truss. These changes, as well as changes in 
the specific tasks which the Mobile Servicing 
System has to accomplish, have been coordinated 
with the Canadian Space .Agency to establish the 
technical feasibility of the Option A design. 

The Option A station configuration preserves 

Option A potential impacts to International 

Likewise, changes in the thermal and electri- 
cal power interfaces between the NASA elements 
and the Columbus Attached Pressurized Module 
have been coordinated with the European Space 
Agency for technical feasibility. The result of this 
coordination was incorporation of primary power 
feed through and thermal control heat exchang- 
ers on the common core-laboratory module; this 
interface change allows the Columbus Attached 
Pressurized Module to be mated to the Space 
Station without any planned extravehicular 
activity. A similar change on the thermal control 
system has been discussed with the National 
Space Development Agency of Japan and incor- 
porated in the core module to Japanese 
Experiment Module interface. Pending resolution 
of power equipment location in either the 
Japanese Equipment Module or the common 
core-laboratory module, a similar change in the 
primary power feedthrough could also be imple- 
mented. This interface change is considered ben- 
eficial by both the European Space Agency and 
the Japanese Space Agency, and results in a 
minor technical impact for the common core-labo- 
ratory. Additionally, the Option A data manage- 
ment system design does change the data man- 
agement system interface with the Columbus 
Attached Pressurized Module and the Japanese 
Experiment Module. The data management sys- 
tem changes have beeri.discussed with the 
International Partners, but require further 
review and coordination. 

Growth Capability 

The Option A design is a modular design and 
lends itself well to  growth, with the environmen- 

*tal control and life support system sized initially 
for a crew of eight. If long-term larger crew sizes 
require growth of the Space Station pressurized 
volume, the first module to be added would be a 
second habitation module, which would be fol- 
lowed by a second United States laboratory mod- 
ule and a fourth photovoltaic module. The addi- 
tional 20 kW of power would be required to sup- 
port the additional capability provided by the 
new modules. 

The second habitation module would provide 
the crew with a new “quiet” module that contains 
sleep compartments for eight, a second galley, a 
second toilet, a window, a second shower, addi- 
tional stowage, and additional refrigeration and 
freezer capability. The new laboratory would 
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Canadian Space 
Agency 
(CSA) 

Slight reducnon in payload 
volume Utilizat Ion/ 

Payload Slight reducbon in payload Resources available power and data 
SerVlCeS 

U S -prowded mobile 
msponer eliminated 

I 

Attachment Method of attachment of 
I Interface CsA’s SSRMS has 

changed 

Locatton/ 
Orientation No impact 

Delivery schedule lor CSA 
elements has been 
relaxed Schedule 

* 0casma1 r-nmnon of he  space stanon assembty to 

National Space Italian Space 
European Space Development Agency Agency 
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Agency of Japan 
(ESN (NASDA) 

Sllght reducuon in payload 
available power and data awlable power and data volume 

Slight reducmn in payload Sllght reducnon in payload 

services W M & S  
Slight reducnon in payload 
available power and data 
serves 

Core interface prowslons 
by NASA Laboratory to simplificatIOn 
APM Slght unpact from 
DMS simplificallon 

Slight impad from OMS 

No impact 

No impact No mpact 

Delivery schedule for €SA Delivery schedule for 
elements remams NASDA elements remains for Mini-Lab MPLM’s 
unchanged unchanged increased by 4 racks 

Provtde a new doset 
module Prowdean 
addibonal MPLM 

U S. will exerase opoon 

maumue pownn g%neriloon 

increase the number of experiment slots for the 
user community. 

plished by placing the two new common modules 
on the port. and starboard radial ports of the 
habitation module and mounting the displaced 
assured crew return vehicle and the airlock on 
the radial ports of the new modules. For both 
options, the fourth photovoltaic module would be 
added to the port side of tRe truss in the same 
fashion as the third array was added to the star- 
board side. 

The growth of Option A-1 would be accom- 

Potential Cost Saving Features 

The following Option A design approaches result- 
ed in cost savings relative to Space Station 
Freedom: 

Delete five truss sections on Option A-1; 
delete three truss sections on Option A-2. 
Use common modules instead of different 
modules and nodes; use a “core” module 
outfitting approach for the laboratory. 
Use the stretched mini-pressurized logis- 
tics module, and delete the United States 
pressurized logistics module. 
Reduce overall orbit replacement units 
by approximately 30 percent. 
Delete the battery charge and discharge 
unit, the direct current switching unit 
and the large rotary alpha joint. 
Delete the two-phase thermal control sys- 
tem. 
Simplify the atmosphere control and sup- 
ply, and the temperature and humidity 
control system. 
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Use Russian equipment to close the oxy- 
gen loop. 
Delay the airlock until Permanent 
Human Capability. 
Use the Bus-1 to provide all guidance, 
navigation and control, and propulsion 
functions on Option A-1. 
Simplify the data management system to  
multiplexer and demultiplexer-based 
1553B data bus using a simplified table- 
driven software architecture. 
Reduce audio and video components. 
Delete mobile transporter-incorporate 
small, simple extravehicular activity cart 
and monorail 
- Space Station Remote Manipulator 

System moves by “stepping“ from one 
, stationery power and data grapple 
fixture to another 

The following is a list of the major items 
which were considered, but were not imple- 
mented in the Option A final design. 

Use orbiter airlock only (no Space Station 
airlock) 
Delete Space Station cupola 
Use dual orbiters for assured crew return 
capability 
Use orbiter Ku-band only (no Space 
Station Ku-Band) 
Incorporate Space Station alpha joint 
Incorporate Space Station mobile trans- 
porter 
Replace ammonia external thermal con- 
trol‘system with orbiter coolant system 
Use Spacelab high-rate multiplexer and 
data recorder 
Use Spacelab data management system 
Use orbiter video system 
Locate Bus-1 (Option A-1) reaction con- 
trol thrusters on extension booms 
Delete passive dampers from Option A-2 
Incorporate integrated propulsion mod- 
ules in Option A-2 at 51.6 degree inclina- 
tion 
Delete DC to DC converter unit in electri- 
cal power system 
Change Space Station voltage distribu- 
tion system to 28 volts DC 

bly sequence. One option attached the habitation 
module to the Space Station before the interna- 
tional laboratories were launched, and the sec- 
ond option brought up the habitation module 
between the two international laboratory 
launches. 

Option-Specific Operations 

Flight and Ground Operations 

Option A-1 uses the Bus-1 vehicle for propulsion 
and guidance, navigation and control functions. 
For the first two assembly flights, communica- 
tions to the assemblage are through the United 
States Air Force Space Ground Link System. 
After that, the primary communications path is 
through the Space Station S-band communica- 
tions system as relayed through the Tracking 
and Data Relay Satellite System. For the A-2 
option, the Space Ground Link System is not 
used. For both A-1 and A-2, the payload high- 
rate data is transmitted with the Space Station 
Ku-band communications system. 

For the Power Station configuration, payload 
operations occur during periods with and without 
human presence. All human-tended operations 
will be Space Shuttle and Spacelab based. The 
Power Station housekeeping operations consist of 
attitude stabilization, thermal protection, and 
ground controlled reconfiguration, reboost and 
redundancy management. A “safe mode” capabil- 
ity in the flight system permits minimal ground 
monitoring. The ground control facility is a minor 
modification to the Space Shuttle Control Center. 
The Space Station Control Center and the Space 
Station Verification Training Facility are delet- 
ed. Payload operations are through the Spacelab 
Payload Operations Control Center. Sustaining 
engineering and logistics support are designed to 
be consistent with the dramatically reduced set 
of flight hardware components. 

For the Human Tended and Permanent 
Human Capability phase of Option A-1 and 
Option A-2, the basic functions provided for will 
be similar to the Space Station Freedom pro- 
gram. Due to reductions in flight hardware for 
both Options A-1 and A-2, significant reductions 

In addition to the hardware items listed, two 

ing the habitation module up early in the assem- 

in extravehicular activity maintenance occur. 
The Bus-1 option has the greatest reduction 
because it is a single, highly-redundant orbital 

I flight schedule options were considered for bring- 
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replacement unit with a resulting high reliability 
and with a maintenance approach that requires 
replacing the entire Bus. Command and control 
are through the Space Station Control Center, 
with payload operations occurring through the 
Payload Operations Integration Center. I t  is 
assumed that  Bus-1 training and management 
support will be through a Space Station project 
ofice that will work with the United States Air 
Force project office and the contractor, Lockheed 
Missiles and Space Company, to provide procure- 
ment, development and all other Bus-1 unique 
costs, and no special Space Station program pro- 
visions are made for classified data handling. 
Space Station systems training uses the Space 
Station Verification and Training Facility, and 
the Payload Training Complex is used for pay- 
load training. Consistent with the general opera- 
tions cost reductions, the training focuses on 
high fidelity nominal operations with limited 
contingency training, except where flight safety 
is involved. The 24-hour safe mode greatly 
reduces the team sizes for Control Center and 
training activities. The planning template is also 
shortened to further reduce the ground staffing. 

Ground processing is similar to the baseline 
Space Station Freedom program except for the 
handling of Bus-1, which in turn eliminates the 
need for the baseline processing of propellant 
modules. The utilization of Bus-1 and Bus-1 
ground support equipment in Option A-1 will not 
change the functional operations to be performed 
at the launch site. The assumption of "hands on" 
responsibility for Bus-1 processing by Lockheed 
Missiles and Space Company and Kennedy Space 
Center in a "host" r ,de is a departure from past 
Space Station planning, in which Kennedy Space 
Center has "hands on" responsibility for all 
United States Space Station elements. Under the 
current assumptions for Option A-1, Lockheed 
Missiles and Space Company performs the Bus-1 
post-delivery verification test in the Space 
Station Processing Facility. Kennedy Space 
Center then performs Bus-1 to Space Station 
physical integration, functional interface demon- 
stration tests, and simulated Space Shuttle 
interface verification tests, with Lockheed 
Missiles and Space Company support for Bus-1 
activities. Aker these activities in the Space 
Station Processing Facility, the Bus-1 is trans- 
ported to a hazardous processing facility for pro- 
pellant loading by Lockheed Missiles and Space 
Company. After propellant loading, the Bus-1 is 
installed in a canister for transporting to the 

launch pad and installation into the Space 
Shuttle for launch. As more data becomes avail- 
able for the Bus- 1 program, allocation of respon- 
sibilities between Lockheed Missiles and Space 
Company and Kennedy Space Center may need 
to be revised. Prelaunch and postlanding opera- 
tions for Option A-2 are reduced, but not func- 
tionally different than those planned for Space 
Station Freedom. 

Sustaining engineering and program man- 
agement are similar to the general reductions 
covered in the Operations section of this report. 
For Bus-1, these services would be obtained 
through the United States Air Force. 

Logistics and Utilization FZights 

Logistics and utilization flights supply the exper- 
iments and material required to  utilize and 
maintain the Space Station. Delivered supplies 
include crew systems, user items, spares and flu- 
ids. Utilization flights occur during the Space 
Station assembly phase and mark the beginning 
of payload crew operations. Logistics and experi- 
ments are manifested on three different logistics 
carriers which are then placed in the orbiter pay- 
load bay for delivery to  the Space Station. 
Pressurized cargo is delivered in a stretched ver- 
sion of the mini-pressurized logistics module 
which will be designed to  carry 12 racks (the cur- 
rent mini-pressurized logistics module from the 
Space Station Freedom program carries eight). 
The racks are exchanged on orbit; used racks are 
returned to Earth. The unpressurized logistics 
carrier accommodates a wide variety of items 
from cryogenic fluid bottles to unpackaged spare 
parts. For Option A-2, propellant is delivered in 

'the propulsion modules, which are basically uni- 
tized propulsion systems that will be refilled and 
refurbished on the ground and cycled back to the 
Space Station. Option A-1 propellant resupply is 
achieved by replacing the Bus-1. The unpressur- 
ized logistics carriers and propulsion modules are 
the designs used by the Space Station Freedom 
program. 

The utilization, logistics and outfitting flight 
schedule and manifest for Option A-1 assembly 
phases is depicted in Table 19. The data include 
usable payload for science and any other hard- 
ware or consumables that are required by the 
Space Station as secondary cargo, but the majori- 
ty of each utilization flight is payload-related. 
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Table 19 
Utilization, logistics and outfitting flights for Option A-1 at 28.8 degrees 

inclination, standurd external tank, no advanced solid rocket motor 

Fliqht Weiaht (1b.Y Item 

Pressurized Unpressurlzed 

UF-1 (Tmq 
14,700 

5,770 
-5,8301 

Spacelab Racks 
Spacelab Long Module 
Overhead 
User Available 

UF-2 11,060 
3,646 
2.646 

-1 

O m 2  Cry0 Carriers 
ULC Tare Weight 
Overhead 
User Available 

AF4A 7.200 

8.700 
1-1 

4.174 
31661 Is.sssj 

6 U.S. Lab Outfitting Racks 
5 User Consurnables Racks 
12 R a d  MPLM Tare 
Overhead 
SSRMS 
User Available 

UF-3 3 U.S. Lab Outlilting R a d s  
8 User Consurnables Racks 
12 Rack MPLM Tare 
Overhead 
User Available 

LF-1 29.310 
3.800 
2.098 

Bus-1 
Cupola 
Overhead 

AF-7A 6.000 
6.000 

8.700 
(r.oool 

3.174 
5.530 
3.646 
11.6501 

5 JEM System Racks 
5 JEM ISPR's 
1 User Consumables Rack 
12 MPLM Tare 
Overhead 
Cry0 Carrier 
ULC 
User Available 

LF-2 1-1 6 User Consurnables Racks 
8.700 MPLM Tare 

11.060 O m 2  Cry0 Carriers 

px3-I User Available 

3.646 ULC Tare Weight 
3.174 Overhead 

AF-BA 12.000 9 APM Outfitting Racks 
-1 2 User Consumables Rack 

,- 8.700 MPLM Tare 
2.134 Overhead 

Ill,sssl User Available 

UF-4 (13,2001 11 User Racks 

111.6661 User Available 

8,700 MPLM Tare 
2.134 Overhead 

AF Assembly Flght MPLM Ma-Pressunzed L o g t s ! ~ ~ ~  Module 
APM Atradred Pressunzed Module SSRMS Space Statm Remote Manipubtcf System 
JEM Japanese Expenment Module UF Utdizanon Flght 
ISPR Intemamnal Standard Payload R a d  ULC Unpressunzed Logistics Camer 
LF LoglsWsFbght ASRM AdavanQd Sdld Rocket Motor 

[-] User item (Note Terminology for -assembly.' 'uultzatlon.' 'logist~~s: etc , is oompauble with SSF) 
'1.800 pounds Space Sfamn freedom Program margin not held in resewe 
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At Permanent Human Capability, five to six 
Space Shuttle flights are required to supply the 
facility each year at 28.8 degrees. Using either 
the advanced solid rocket motors or aluminum 
lithium external tanks would reduce this 
requirement to four or five flights per year. 
Option A-1 uses the 12 rack mini-pressurized 
logistics module for four flights (carrying two 
modules on one of the flights), co-manifesting 
unpressurized cargo (cryogenic oxygen and nitro- 
gen plus attached payloads and spares) on two of 
these flights. Every two years, a fifth flight is 
required to carry a replacement Bus-1, co-mani- 
fested with unpressurized cargo. Option A-2 uses 
a similar flight sequence, except that the 12-rack 
mini-pressurized logistics module flies on all five 
flights. Three of these flights co-manifest pres- 
surized and unpressurized cargo, and one mani- 
fests pressurized cargo with the propulsion mod- 
ules. At 51.6 degrees, seven to eight flights per 
year are required to supply logistics, assuming 
the use of the aluminum lithium external tank. 
The 12-rack mini-pressurized logistics module is 
carried fivz times (co-manifested with unpressur- 
ized cargo on two flights), every two years a 
replacement Bus- 1 (or propulsion modules every 
year in Option A-2) flies on the sixth flight, and 
unpressurized cargo flies on the seventh and 
eighth flights. Space Shuttles with only advanced 
solid rocket motors reduce the logistics flights 
per year to  the Space Station to six to seven 
flights. Using both the advanced solid rocket 
motor and the aluminum lithium external tank 
reduces the logistics flights to five per year. 

Maintenance and Spares 

The Option A plan and approach for mainte- 
nance is the same as that for Space Station 
Freedom. However, the amount of external main- 
tenance is reduced by approximately 25 percent 
for A-1 and nine percent for A-2. The mainte- 
nance backlog during assembly is reduced by 
approximately 90 percent for A-1 and 70 percent 
for A-2, and is attributed to the insertion of sev- 
eral utilization flights between assembly flights 
and performing external maintenance activities 
on these flights. The steady state maintenance 
reduction is a result of hardware deletions and 
system simplifications from the Space Station 
Freedom (over 600 items deleted). The mainte- 
nance concept relies on robotics to perform near- 
ly half the external maintenance. The remaining 

maintenance is  accomplished using extravehicu- 
lar activity. Although the extravehicular activity 
dual-rail cart and the mobile transporter are 
deleted, each is replaced with viable alternatives: 
the monorail cart and the robotics "inch-worm" 
mobility approach. Although the inch-worm 
approach slows down the transport of the robot- 
ics, the increased time is offset by utilizing 
ground control for some robotic activities. 

Internal maintenance requirements for 
Option A were compared to similar results for 
the Space Station Freedom design. For Option A, 
the total number of replaceable items is reduced 
by about 25 percent. This results in a 40 percent 
reduction in internal maintenance crew-hours 
per year compared to Space Station Freedom. 

Schedule 

The Option A assembly schedule is shown in 
Figure 41. First element launch is October 1997 
and early research capability is achieved at the 
Power Station in late 1997. The goal of complet- 
ing development by the end of 1998 utilizing fis- 
cal year 1994 to 1998 h n d s  is achieved, although 
actual orbital development continues in 1999 to 
2000. 

A top-level summary schedule for Option A-1 
is depicted in Figure 42. This schedule includes 
design, manufacturing, assembly, test and deliv- 
ery to Kennedy Space Center about six months 
prior to launch. Kennedy Space Center verifica- 
tion testing and launch processing are discussed 
in the Test and Verification section of this report. 

Program plans call for the full implementa- 
tion of hardware design updates beginning in 
October 1993, following concept selection. A 
requirements baseline review will be conducted 
about two months after contract authority to  pro- 
ceed. In the spring of 1994, a design update 
review is planned to review modifications to  cur- 
rent Space Station Freedom program hardware 
that has already undergone a critical design 
review. Requirements and designs will be frozen 
at the completion of this review. A separate pro- 
gram design review and critical design review 
will be conducted for the common habitation 
module and other elements which have not been 
through the design review process (i.e., hardware 
on assembly flights 11 and 12). 

For hardware common to the current pro- 
gram, the Space Station Freedom network logic 
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lW6 1997 1998 lW9 2000 

Note: First element launch is in 10/97. however a first dement launch as ea* as 4/97 could be supported. 

Figure 41 
Option A launch schedule, with standard external tank 

relationships and time estimating relationships 
have been largely adopted in developing the 
schedules. A time span for redesign of modified 
Space Station Freedom hardware has been 
included, as appropriate. 

Space Station Freedom 
Requirements Not 
Incorporated 

The requirements imposed on the redesign activ- 
ity consist of those imposed by the Station 
Redesign Team guidelines. Program 
Requirements Document and the Program 
Definition and Requirements Document on the 
baseline Space Station Freedom were to be con- 
sidered. However, these were challenged to 
reduce complexity and cost, while assuring suf& 

cient margins against risk. Option A meets all 
safety requirements and meets most others with- 
in the constraints of the predominant factor- 
cost-and more closely satisfies some require- 
ments than does Space Station Freedom. 

Space Station Freedom requirements are: 
Areas where Option A does not meet the 

The Space Station Remote Manipulator 
System meets the schedule requirement 
for launch prior to Human Tended 
Capability in Option A-2, but is not 
launched until the next flight after 
Human Tended Capability in Option A-1. 
Nine International Standard Payload 
Rack locations are provided in the com- 
mon core-laboratory module at Human 
Tended Capability instead of 13. 
Whereas the probability of no micromete- 
oroid or orbital debris penetration for 
Option A exceeds that  of Space Station 
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1993 
ATP ne 
1011 111 
W Pmgnm M l k . t o m  

Bus-lNnpmwrized Berthing Mod& FUghl #I 

Photovoltaic Module (9) Flight #2 

Radialon (Sl) FUghlW 

common COmbtJ Flight #4 

Radialom (Pl)Sp&al P u p e n  Flight #S 
Dexterous Manipulator 

PhOlovOlteiC Modub (P4) F l i t  #6 

Japanese Expehenl Module Flight #7 

Anached Preuutired Module Flight 18 

Japanese -men1 Module Flihl 18 
Hardware 

Pholovdtaic Module (S6) Flight #la 

COmmOn F l i i  # 1 1  
M0dUleM.b 

AirlocWCloset Flight #12 
Module 

Aawred Crew Raum Vehicles (2) FHghW 1 3  

ACRV Assured Crew Retum Vehicle 
APM Attached Pressurized Module 
ATP Authority to Proceed 
RBR Requirements Baseline Review 
CDR Critical Design Review 
DUR Design Update Review 

I I  

Yl 

I 
OIDIScml v: 

FEL First Element Launch 
JEM Japanese Experiment Module 
JEM WW Japanese Experiment Module Hardware 
PDR Program Design Review 
PV Photovoltaic 
SPDM Special Purpose Dexterous Manipulator 

Figure 42 
Option A-1 schedule 

Freedom, it does not completely meet the 
required probability of no penetration of 
0.9955 per critical element. 

been replaced with the 1553B data bus 
and the addition of a high-rate multiplex- 
er and a remotely reconfigurable optical 
switching system. 
The mobile transporter has been deleted, 
but the function is provided by alternate 
means. 

b 

The fiber distributed data interface has b 

The Station Redesign Team requirements 
included some capabilities that were not in Space 
Station Freedom, and cannot be met by Option A 
without significant cost impacts. The new 
requirements for video compression of at least six 
channels and uplink video of one channel with 
medium fidelity are not met by Option A. Other 
areas where Station Redesign Team require- 
ments are met with qualification are: 

b 

b 

b 

Optical viewing requirements are met 
using an eight-inch optical quality win- 
dow instead of the 20-inch window. 
Option A meets the normoxic condition 
requirements as stated in the engineer- 
ing design guidelines of the Station 
Redesign Team requirements, but the 
more stringent carbon dioxide require- 
ments in the Science, Technology, and 
Engineering Research Design Guidelines 
will require additional payload power 
(600 watts). 
Earlybor late access to the Space Station 
is provided at the launch or  landing sites, 
and is provided via orbiter middeck uti- 
lization. 
Fire protection is single-failure tolerant. 
Manual override requires data manage- 
ment system interaction in most cases. 
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Option B 

Introduction 
I 

Option B uses mature Space Station Freedom 
designs and operations scenarios to provide an 
incrementally increasing capability throughout 
the assembly phase. Various stages of the 
assembly phase permit useful science as the con- 
figuration evolves. The first such stage, Power 
Station, comes after two Space Shuttle flights 
and provides power to a Spacelab-equipped 
orbiter for extended mission duration and exper- 
iment operations. The next stage, Human 
Tended Capability, is achieved in eight flights 
and provides the United States laboratory with 
sufficient resources to support tended and 
untended science for indefinite periods, with 
periodic resupply and maintenance using 
extravehicular activity and the Canadian robotic 
system. International Human Tended Capability 
is achieved after 17 flights and incorporates the 
Japanese and European laboratories with user 
power and thermal rejection capability exceed- 
ing 30 kW. Finally, the Permanent Human 
Capability is achieved after 20 flights and sup- 
ports a crew offour, significantly increasing the 
amount and quality of science performed on the 
station. With the addition of modular elements, 
the Permanent Human Capability configuration 
can accommodate the full eight crew member 
and 75 kW power capability as  established in the 
International Partner agreements. 

Option B requires some changes to Space 
Station Freedom’s assembly sequence, systems 
and elements. For example, a truss segment is 
deleted and modifications to the data manage- 
ment system separate internal and external 
functions, resulting in a more robust architec- 
ture for station survival and greatly simplified 
verification. In addition, the communications 
and tracking system data transfer format is 
changed to one equivalent to  that used by the 
Space Shuttle program, allowing existing ground 

facilities and data processing architectures to 
serve both programs. 

capabilities of the Space Shuttle without any fur- 
ther modifications than those now planned to 
support Space Station Freedom. Option B was 
designed for a 28.8 degree inclination orbit. 
However, i t  could also operate at inclinations up 
to 51.6 degrees but would require the aluminum 
lithium external tank. In addition, modifications 
to support automated docking capabilities would 
allow the use of expendable launch vehicles for 
cargo resupply. 

Option B complies with the requirements 
and resource provisions of the Intergovernmental 
Agreement and Memoranda of Understanding 
with our International Partners and meets all 
NASA commitments with the International 
Partners. Also, use of the Russian Soyuz vehicle 
for assured crew return expands international 
involvement in the program. 

The Option B concept is compatible with the 

Option Specific Requirements, 
Guidelines and Constraints 

Several requirements drive Option B configura- 
%ion and assembly: the orbit inclination, accom- 
modation of International Partner elements, an 
assured crew return vehicle capability, the Space 
Shuttle as the launch vehicle and a permanent 
human presence in space. In accordance with 
design guidelines, the design must provide 
30 kW to users a t  Permanent Human Capability 
attached payload ports, standard payload inter- 
faces. It musb support life science and micrograv- 
ity research, and it must accommodate a 1.8 
meter diameter centrifuge. The design must sup- 
port a three or four person crew for 10 years and 
provide two-fault tolerance for crew and station 
survival. 
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Description of Concept 

External Configuration 

Power Station 

The first two assembly flights establish the 
Power Station by providing a fully functional 
spacecraft with one photovoltaic system with 
active thermal control, S-band communications, 
propulsion and control moment gyros for attitude 
control. Figure 43 illustrates the Power Station 
configuration. The Power Station provides one 
external payload port and dual, 6.25 kW power 
feeds to the orbiter for running experiments. The 
Power Station configuration provides single fail- 
ure tolerance for Space Station survival. The four 
control moment gyros can control the combined 

I orbiter and Space Station configuration to yield a 

better microgravity environment than available 
with orbiter thruster control alone. Option B 
Power Station matches the Space Station 
Freedom baseline flight 2 configuration except 
for minor modifications to the unpressurized 
berthing adapter to  accommodate the Spacelab 
tunnel and power transfer. 

Human Tended Capability 

Flight 8 establishes the Human Tended 
Capability configuration, illustrated in 
Figure 44. I t  provides user capabilitiesin the 
United States laboratory module and to the two 
external payload accommodation locations. 
Performance characteristics include meeting the 
requirements of less than two microgravity for 
the 13 International Standard Payload Rack 
locations, a minimum of 8.5 kW power to the 
payloads, 72 kbps uplink, 50 Mbps downlink, and 
three nonstandard payload rack locations. The 

Yx 
Top Vlew lsomelrlc Vlew 

Front Vlew 

Figure 43 
General arrangement - Power Station configuration 

88 



Option B 

Human Tended Capability configuration can 
support payload operations both with and with- 
out the orbiter attached. This configuration also 
allows the docking of two orbiters simultaneous- 
ly, which can extend crew duration on-orbit. 

Option B can sustain the Human Tended 
Capability configuration indefinitely with period- 
ic Space Shuttle flights for consumables and 
maintenance spares. The Canadian Space 
Station Remote Manipulator System and the 
Special Purpose Dexterous Manipulator provide 
robotics capability for Space Station mainte- 
nance. The Space Station-based airlock allows 
the orbiter crew to control the mobile servicing 
center from within the Space Station, while 
simultaneously performing extravehicular 
activity. ! 

The Human Tended Capability configuration 
also includes the central thermal control system, 
which provides cooling for the pressurized ele- 
ments (United States laboratory, node 2 and air- 
lock), as well as externally mounted power condi- 

I 

I 

I 

tioning equipment (DC to DC converter unit and 
main bus switching units). The gas conditioning 
assemblies and cryogenic berthing mechanisms 
provide the ability to  replenish nitrogen and oxy- 
gen in the pressurized elements. The environ- 
mental control and life support system within 
the laboratory provides life support for the crew 
while the orbiter is attached. Provisions for 
attaching the mini-payload logistics module for 
pressurized logistics and the Japanese 
Experiment Module pressurized laboratory are 
included with node 2. 

International Human Tended Capability 

Flight 17 establishes International Human 
Tended Capability by adding the port side truss 
and the International Partner pressurized mod- 
ules (Figure 45). This configuration has two-fault 
tolerance for Space Station survival, full power 
generation and thermal rejection capability and 

MSS ,ssws/ \ b h b  

PUA 

lsometrlc Vlew Top Vlew 

Figure 44 
General arrangement - Human Tended Capability configuration 
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greater than 30 kW for payloads. International 
Human Tended Capability includes the full com- 
plement of United States and International 
Partner laboratories and elements: the Columbus 
Attached Pressurized Module, the Japanese 
Experiment Module and the Japanese Exposed 
Facility. The international laboratories all have 
less than one microgravity residual accelera- 
tions. The International Human Tended 
Capability configuration supports crew science 
operations during orbiter visits and untended 
science between Space Shuttle missions. The 
port side of the truss includes the second exter- 
nal active thermal control radiator, solar array, 
propulsion modules and a second alpha joint 
with two sets of solar arrays. The port propulsion 
modules provide reboost capability in a local ver- 
tical-local horizontal attitude. The configuration 
maintains two docking ports, the primary port on 
the front of the United States laboratory module 
and the backup port on the bottom of node 1. 
Option B deletes the P2 truss segment, shortens 

the truss and moves the unpressurized logistics 
carrier attach site to the S2 truss segment. The 
third set of solar arrays move to the port side of 
the truss, instead of the starboard side as in the 
Space Station Freedom baseline, placing the cen- 
ter of mass closer to the module pattern center 
and improving the microgravity,environment. 
Option B can sustain this configuration indefi- 
nitely with periodic logistics flights for resupply 
of consumables and maintenance, including 
robotic and extravehicular activity maintenance 
for external equipment replacement. 

Permanent Human Capability 

Flights 18 through 20 add the United States 
habitation module and assured crew return vehi- 
cles to establish Permanent Human Capability 
(Figure 46). The additional hardware allows a 
permanent crew of four. The habitation module 
attaches to node 1, parallel to the United States 

Top Vbw lsomelrk Vlew 

mnu 

Front Vbw 

Figure 45 
General arrangement - Znternational Human Tended Capability configuration 
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laboratory. The Soyuz, which serves as the 
assured crew return vehicle, occupies the bottom 
port of node 1 that the Space Station Freedom 
baseline reserved for the pressurized logistics 
module. Consequently, Option B requires a new, 
temporary “swap” location for the payload logis- 
tics module on the truss or mobile servicing sys- 
tem. The Permanent Human Capability configu- 
ration has two docking ports: one is on the front 
of the United States laboratory, the other is on 
the front of the habitation module. The assembly 
sequence uses standard Space Shuttle upmass 
capabilities to  28.8 degrees (37,800 pounds to 220 
nautical miles) and does not require the alu- 
minum lithium external tank or the advanced 
solid rocket motors. 

Alternative Configurations 

The Option B team investigated three design 
alternatives: a Power Station capability as a 

stopping point, a Human Tended Capability as a 
stopping point and variations in the overall base- 
line configuration. By eliminating the need to 
grow, system complexity and size, and thus cost, 
can be reduced. The Power Station Capability 
and Human Tended Capability without growth 
assume no aluminum lithium external tank, 
advanced solid rocket motor or dual orbiter vis- 
its. Thebe options must survive for two years 
without an orbiter visit. Also, variations in over- 
all configuration showed promise but did not 
reduce overall costs. 

Power Station Capability as a Stopping 
Point : This configuration consists of only the 
S4, S3 and S2 truss segments stripped of all 
hardware that do not directly support an orbiter 
with a Spacelab module (Figure 47). One center 
could manage this option with existing facilities, 
eliminating facilities such as: the Central 
Avionics Facility, Central Software Facility, 
Space Station Processing Facility, Space Station 

Isometric View 

Front View ‘7 Sido View 

Figure 46 
General arrangement - Permanent Human Capability configuration 
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Control Center and the Payload Operations 
Integration Center. This option deletes the 
mobile transporter and requires changes to the 
unpressurized berthing adapter to accommodate 
a Spacelab tunnel and transfer power from the 
station. The Power Station does not offer much 
greater capability than existing Spacelab flights. 

The electrical power system would consist of 
the Space Station Freedom baseline photovoltaic 
module with a full battery complement. Power 
Station provides up to 9.0 kW additional power 
to an orbiter with a Spacelab module assuming 
full Sun tracking arrays. This leaves 4.0 kW of 
station power available for truss-mounted pay- 
loads (up to 1.5 kW), and Spacelab payloads up 
to 2.1 kW, concurrently, if orbiter thermal aug- 
mentation is used. 

This Power Station configuration feeds 
power directly off the direct current switching 
unit to  the orbiter via the unpressurized berthing 
adapter, as currently used for Space Station acti- 
vation on flight 2. The electrical power system 
deletes all four DC to DC converter units on the 
S2 segment, leaving only the DC to DC converter 
units outboard of the alpha joint for core loads. 

UNPRESSURIZ 
BERTHING 
ADAPTER 

Velocity 

Nadir r 

The thermal control system consists of the 
photovoltaic active thermal control system, the 
passive thermal control system and the orbiter. 
The photovoltaic active thermal control system 
and the passive thermal control system strongly 
resemble those of stage 2. The thermal control 
system passively cools all avionics, deleting four 
DC to DC converter unit cold-plates, ammonia 
lines and associated valves and sensors. Orbiter 
radiators reject the total of 21.9 kW waste heat 
resulting from a combination of station supplied 
power, orbiter fuel cell power and crew metabolic 
loads. The orbiter can radiate a maximum of 
23.9 kW. However, deploying the forward radia- 
tors can increase this amount by up to 10 per- 
cent. Using the orbiter flash evaporator system, 
this Power Station configuration can reject an 
additional 30.1 kW-hour per day at a peak rate of 
9.6 kW. 

The Power Station as a stopping point config- 
uration significantly simplifies the data 
management system architecture by utilizing the 
orbiter attitude control hardware and existing 
prototypes. The communication and tracking sys- 

F Velocity 

Nadir 

Figure 47 
Option B Power Station-no growth configuration 
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tem remains unchanged but may utilize commer- 
cial S-band equipment. 

In this option, two control moment gyros are 
deleted from the guidance, navigation and con- 
trol. This option requires two propulsion modules 
for reboost and collision avoidance. 

Human Tended Capability as a Stopping 
Point : This option provides an on-orbit pressur- 
ized laboratory module tended by an orbiter and 
its crew. The configuration provides up to 8.5 kW 
of power to the laboratory experiments. This 
option requires redesign of the thermal control 
system and the structure attaching the module 
to the truss. Flight number eight was chosen as a 
sustainable Human Tended Capability stopping 
point to accommodate onboard extravehicular 
activity capability. This is different from the 

Space Station Freedom program which declares 
Human Tended Capability before the airlock is 
avail ab1 e. 

The configuration, as illustrated in Figure 
48, has several significant differences with the 
Option B Human Tended Capability. The config- 
uration requires five assembly flights by deleting 
the M1 truss segment and the node. The five 
assembly flights do include a mini-payload logis- 
tics module with 5200 pounds of payload. The 
configuration includes the Canadian Space 
Agency elements, the Space Station Robotic 
Manipulator System and Special Purpose 
Dexterous Manipulator, but does not accommo- 
date the Japanese Experiment Module or the 
Columbus Attached Pressurized Module. The 
United States laboratory mounts directly under 
the S1 truss segment, and thus requires support 

dlator 
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Figure 48 
Option B Human Tended Capability-no growth configuration 
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structure modifications. The United States labo- 
ratory has a single orbiter docking port in the 
front and a mini-payload logistics module port in 
the rear. Over 70 percent of the United States 
laboratory volume lies within the one microgravi- 
ty environment with an attached orbiter. This 
configuration uses an orbiter aft flight deck 
workstation instead of a station based robotic 
workstation. The main bus switching units on 
the M1 truss segment would move to the S1 sec- 
tion. High pressure gaseous oxygen and nitrogen 
tanks on S1 replace the cryogenic gas condition- 
ing assemblies on M1. 

With the exception of the thermal control 
system, the systems remain relatively unchanged 
from the Option B Human Tended Capability 
configuration. The intermediate rate gateway is 
deleted from the data management system. In 
the communication and tracking, the ultra high 
frequency capability is deleted, the orbiter based 
wireless audio subsystem and the number of 
video switches and camcorders is reduced. The 
guidance, navigation and control system remains 
unchanged. Two Space Station Freedom baseline 
hydrazine propulsion modules are on the configu- 
ration for reboost# and collision avoidance capabil- 
ity. Two of the four main bus switching units 
scheduled for installation on truss segment M1 
are deleted from the electrical power system. The 
two phase external active system with a single 
phase system is replaced with a single phase sys- 
tem in the thermal contro) system. This system 
uses photovoltaic active thermal control system 
components and includes two single phase radia- 
tor orbital replacement units mounted on a 
rotary joint to give continuous heat rejection of at 
least 23.3 kW in addition to heat load rejected 
passively. The available power capability 
remains unchanged. 

Configuration Variations: Space Station 
Freedom baseline components can be assembled 
and arranged in different ways to achieve vari- 
ous levels of performance and flexibility. The 
team considered several variations of the nomi- 
nal configuration, but ultimgtely rejected them 
due to unacceptable cost versus benefit. 

The team rejected deleting the starboard 
thermal section (Sl) because i t  could not grow to 
meet desired power and thermal objectives. 

Deleting the whole port truss would elimi- 
nate two segments and an alpha joint. Two solar 
power modules would appear on the starboard 
side of the truss thus producing an asymmetric 

configuration. The configuration would have a 
single alpha joint and a single thermal segment 
(Sl). The team rejected this idea due to redun- 
dancy concerns, thermal limitations, early intra- 
array shadowing, large control requirements, 
large yaw flight attitudes and a poor microgravi- 
ty environment. 

Combining the thermal segments 6 1 ,  P1) 
and the M1 segment into two smaller truss seg- 
ments reduces the number of flights to Human 
Tended Capability, with a reduced thermal rejec- 
tion capability. The cost of redesign for this con- 
figuration led to its removal from consideration 
early in the configuration selection process. 

the pressurized elements could eliminate the 
habitation module. This would save the cost of 
the shell but not the system hardware. This also 
would reduce payload volume in all three labora- 
tories. A separate habitation module proved 
worth the marginal increase in cost as opposed to 
distributing the habitation functions throughout 
the remaining pressurized modules. 

To accommodate dual, simultaneous orbiter 
docking at the station, the Columbus Attached 
Pressurized Module was rotated toward zenith 
with a pressurized mating adapter at one end. 
The modifications to the Columbus Attached 
Pressurized Module, along with a poor micro- 
gravity environment and serious doubts about 
the viability of dual orbiter operations;resulted 
in a return to the original module pattern and 
the elimination of the dual simultaneous orbiter 
requirement. 

Distributing habitation functions among all 

Internal Configuration 

The pressurized modules contain equipment to 
provide laboratory, habitation, logistics resupply 
and overall station command and control func- 
tions. Figure 49 illustrates the module pattern at 
Permanent Human Capability. The modules are 
cylinders capped with end cones and berthing 
mechanisms. Four interior horizontal standoffs, 
oriented 90 degrees apart, run the length of the 
module for routing utilities throhgh the module 
and to  the berthing ports. 

the active equipment in the modules. Figure 50 
shows the internal layout of the pressurized 
modules. System racks contain equipment for 
electrical power, data management, thermal con- 

Racks, standoffs and end cones contain all 
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Human Tended Capability 

Radiator 

Permanent Human Capability 

Figure 49 
Option B module pattern 
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- -  - - Columbus A ttachecl 

Node 2 Module 

System Rack Site 0 Stowage Site Payload Rack Site Pre-PMC Payload Site 

Figure 50 
Internal rack layouts at Permanent Human Capability 

trol, audio and video, life support and crew sys- 
tems. International Standard Payload Racks con- 
tain unique payload equipment provided by sta- 
tion users. 

The resource nodes provide the primary 
structural interconnect for other pressurized 
habitable elements and for the passage of person- 
nel, equipment and utilities. Each node provides 
four radial and two axial berthing ports. The 
cylindrical section accommodates four system 
racks. Node 2 is launched on flight 5 and con- 
tains crew health care system equipment, three 
avionics racks and the primary command and 
control work station. Node 1 on flight 12 contains 
avionics and crew health racks and secondary 
command and control. 

Flight 6 delivers the 24-rack laboratory mod- 
ule providing a shirt sleeve environment for con- 
ducting microgravity research. At Human 
Tended Capability, the laboratory will have eight 

system racks installed, 13 International 
Standard Payload Rack positions and three tem- 
porary, nonstandard payload rack positions. At 
Permanent Human Capability, the three non- 
standard payload racks convert to system racks. 
The habitation module provides general living 
space for a crew of four and is launched on 
flight 18. I t  will accommodate a total of 24 
racks-10 system racks, 10 stowage racks and 
four functional units. The mini-pressurized logis- 
tics module provides for the delivery of experi- 
ment racks and logistics resupply during the 
assembly sequence. It accommodates the equiva- 
lent of eight racks-one system rack and seven 
stowage racks. 

The international modules include the 
Japanese Experiment Module and Columbus 
Attached Pressurized Module. The Japanese 
Experiment Module is launched on flight 13 and 
will have a total of 23 racks: 10 system racks, 
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HTC 

2 PVS 
2m 

(170nmi) 

(185nmi) 

3 PVS 
IHTC 

PHC 

Table 20 
Option B assembly manifest to 51.6 degree inclination 

8 MB-6A 
9 MB-7 
10 MB-7A 
11 MB-8 
12 MB-10 
13 MB-1OA 
14 MB-9 
IS MB-11 

17 , MB-12A 

19 MB-13A 
20 MB-14 
21 MB-15 
22 MB-16 
23 MB-16A 
24 S0y~z-1 

16 ; MB-12 

18 MB-13 

2s soyuz-2 

, 
Dace I Milestone 1 Rieht # 

I I 
10197 
11/97 
12197 
3/98 
5/98 
7/98 
8/98 
9/98 

12198 
3/99 
6199 
9199 

12/99 
3/00 
6/00 
9/00 

lzloo 

6/01 
9/01 

lrnl 
3/02 
6/02 
9/02 

12/02 

3101 

L 

E L  

PS 

1 MB-1 
2 MB-2 
3 MB-2A 
4 MB-3 
5 MB-4 
6 MB-S 
7 MB-6 

Elements 

(Ts-S4. ITS-Sf SlBD INBD SOLAR ARRAYS (2). h4T 
ITS32 UBA. CIXA (1) 
PMs (2) 
ITSSI, STBD TCS (minus 1 TCS ORU). TDRSS Anccnna. SSRMS 
ITS-M1. GCAS (2). NODE 1 UMB. LAB UMB. PWP (2) 
NODE 2. PMA-A 
US. LAB (minus ECWS. WATER STOW. RACKS) 
MPLM-A ( M W S .  6.0001 P/L, ECWS. WATER STOW. RACKS), MBS. PMA-B 
ULC. CNC. COC. PVll  BATS, CETA (1). SPDWMMD 
AIRLOCK. EMUS (3, PFRs (2), CuPOLA 

l'ls-P3,1'Is-P4, PORT NOD SOLAR ARRAYS (2) (minus all banens) 
PVW2 BA'ZTS. UMBs: NODE 1. EM. APM. HAB 
PMs (2) 

JEM MODULE (WICORE SYSTEMS) 
JEM OUTFITllNG 
COLUMBUS APM (WKORE SYIEh4.S) 
APM OUTFITTING 

JEM EF, E M  ES. E M  PS 
HAB MODULE 
MPLMS WIT" HAB OWTFTIING 

ITS-P1, PORT TCS 

NODE 1. ITS-PS 

ITS-P6. PORT OTBD SOLAR ARRAYS (2) 

ACRV-1 
ACRV-2 

Assumes: 51.6' inclinarion. AlLi E x r d  Tank (Available 10197.73 Lib, All Flights) 
Internaaonal Modulu launched withcon systems utilizing 1800 pound SSF manager hSmt and altitude strategy. 

two stowage racks, 10 International Standard 
Payload Racks and one nonstandard position for 
users. The Columbus Attached Pressurized 
Module is launched on flight 14 and will have a 
total of 32 racks: 10 system racks, 20 Inter- 
national Standard Payload Racks, and one non- 
standard position for users. 

Mission Considerations ' 

Orbital Inclination 

A higher inclination allows multiple access'using 
space transportation systems operated by several 
nations, including Russia, which may provide 
more operational flexibility for long-term logisti- 
cal resupply. In general, the study concluded 
that placing Option B a t  the higher inclinations 
is feasible but carries large costs for Space 
Shuttle transportation and substantially length- 
ened the hardware development schedule. 

The high inclination study assumed the 
same Option B configuration since no operational 
or research requirements were relieved at the 
high inclination. All flight manifesting studies 

assumed Space Shuttle lift performance capabili- 
ty to 51.6 degrees is reduced 12,800 pounds with- 
out other performance augmentations. As shown 
in Table 20, the assembly will require 25 flights 
for element delivery and on-orbit outfitting, an 
increase of five flights from the Option B refer- 
ence sequence, because of the reduction of Space 
Shuttle performance. These flights require the 
aluminum lithium external tanks. 

Advanced solid rocket motor availability in 
December 2000 allows its use late in the 
sequence. These additional flights, combined 
with the later first element launch start date, 
will delay Permanent Human Capability to 
March 2002. The additional assembly flights can 
be avoided by lowering the orbit inclination to  43 
degrees and using the same assembly sequence 
as  the Option B reference assuming the alu- 
minum lithium external tanks for all flights. 

Option B at 51.6 degrees delays activation, 
attitude control and reboost capability until the 
third flight. This will increase the sensitivity to 
delays in Space Shuttle flights and makes the 
passive damper design and integration much 
more critical. All rendezvous with passive stages 
will be much more sensitive to thrust perturba- 
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tions and may increase the risk of rendezvous 
wave-offs. 

not change at the higher inclination in terms of 
pounds of logistics per year but do demand more 
Space Shuttle flights to support them. The inte- 
grated logistics scenario is &pendent upon the 
inherent flexibility to utilize different logistics 
carriers to minimize the total number of Space 
Shuttle flights required per year. Option B at 
28.8 degrees requires five flights per year after 
Permanent Human Capability with the advanced 
solid rocket motors. At 51.6 degrees, Option B 
will require up to six flights per year with 
advanced solid rocket motors. This can be 
reduced to five flights per year with the addition- 
al performance augmentation of the aluminum 
lithium tank. 

Higher inclination has no appreciable affect 
on the external active thermal control system but 
carries adverse impacts on passively cooled com- 
ponents. The predicted temperatures for the 
standard data processors mounted on truss seg- 
ment S2 exceed maximum operational tempera- 
tures and fall below minimum nonoperational 
limits at extreme beta angles of plus or minus 75 
degrees. The effect of continuous '100 percent 
solar illumination for several days on truss elec- 
tronics in extravehicular activity corridors and 
on module temperature requires further study. 
Also requiring further study are the effects of 
extended dormancy for truss mounted electronics 
and extreme beta angles on module external tem- 
peratures. 

The higher inclination places the Space 
Station in more adverse micrometeroid and 
orbital debris and ionizing radiation natural 
environments. While neither creates radically 
different design factors for Option B, the more 
severe environments must be appropriately con- 
sidered in the design. This inclination forces 
reoptimized micrometeroid and orbital debris 
shielding to protect against the higher flux and 
more oblique incidence angle as compared to  the 
Space Station Freedom baseline design environ- 
ment. The higher ionizing radiation environment 
is likely to result in a higher incidence of avionics 
parts single event effects, which will require 
more data management system resources to  
carry out avionics resets. The radiation environ- 
ment also may necessitate minor constraints on 
extravehicular activity and certain long-duration 
crew assignments to avoid exceeding annual 
crew exposure limits. 

The logistics requirements for Option B do 

Orbital  Environment 

The Option B micrometeroid and orbital debris 
protection is identical to  Space Station Freedom. 
Currently, a meteroid and orbital debris 
enhancement study for Space Station Freedom is 
nearing completion. I t  is expected that, when 
completed, the overall Space Station protection 
will be approximately 90 percent probability of 
no penetration during the projected 10-year life- 
time. This may require approximately 2600 
pounds weight increase to the laboratory and 
habitation modules. The cost has not been 
included in the weight summary and is carried 
as an issue. 

Flight Modes and Propellant Utilization 

The flight characteristics vary for each stage due 
to  changing mass properties and solar array posi- 
tion. Table 21 summarizes the flight orientation 
and attitudes for each phase. The torque equilib- 
rium attitude, control moment gyro requirements 
and orbital lifetime appear relatively insensitive 
to  orbital inclination. The control moment gyros' 
momentum for all stages fall well below the max- 
imum capacity, providing sufficient reserves for 
contingency and on-orbit operations. 

Stage 1 flies in a gravity gradient flight ori- 
entation and uses five passive magnetic dampers 
for attitude control. The launch altitude of 220 
nautical miles yields more than three times the 
minimum lifetime requirement of 180 days to 
150 nautical miles (Figure 51). The solar arrays 
remain stowed on stage 1 with reboost 30-days 
later on stage 2. Flights 2 through 4 are main- 
tained in a gravity gradient orientation with 
reboost in an arrow orientation. The solar arrays 
are deployed but remain locked and feathered. 
Control moment gyros provide primary attitude 
control with thrusters as backup. Subsequent 
assembly flights fly in local-vertical-local-hori- 
zontal orientation, with sun-tracking solar 
arrays. Starting a t  flight 10, reboost occurs in a 
local-vertical-local-horizontal orientation, taking 
advantage of the presence of the port propulsion 
modules. 

Rendezvous Approach 

The orbiter's rendezvous approach to the station 
varies throughout the early part of the assembly 
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TEA and Ballistic coefficient calcu- 
lations assume 2d atmosphere on 
date of launch and an altitutde of 
max (220 nmi, 180 days to 150 nmi) 

Table 21 
Option B flight characteristics summary 

Steady state CMG control 
at 220 nmi, design 
atmosphere 

UD: Undeployed arrays 
F: Feathered and locked arrays 
S: Sun uacking arrays 

process, but remains unchanged after the sev- 
enth assembly flight when the Shuttle uses a 
plus V-bar approach to the station in a local-ver- 
tical-local-horizontal attitude. On assembly 
flight 2, the station has no active attitude control 
to maneuver for orbiter approach and is in a 
unique torque equilibrium attitude with the solar 
arrays pointed toward Earth. The orbiter 
approach will occur near the minus R-bar in 
order to approach the minus Y face of the station, 
limiting orbiter plume effects on the passively 
stabilized stage and locating the grapple fixture 
in the proper relative position for capture by the 
station remote manipulator system. For flights 3, 
4 and 5, the station will hold a gravity gradient 
attitude using attitude control system thrusters 
with the unpressurized berthing adapter biased 
off the V-bar to allow greater clearance for cap- 
ture as the orbiter approaches down the positive 
V-bar. On flights 6 and 7 a rotational maneuver 
is required from the local-vertical-local-horizon- 
tal flight mode to the gravity gradient hold 
approach attitude. 

Docking and Berthing: For all flights prior to 
the attachment of the first pressurized module, 
an unpressurized berthing adapter will be used 

to berth the station into the orbiter payload bay 
with attachment being provided by payload 
retention latches. The unpressurized berthing 
adapter will be located on the station near the 
port end of the completed stage and will allow a 
tail-to-Earth orbiter approach to the gravity gra- 
dient station. After the addition of node 2 and 
the pressurized mating adapter, the orbiter will 
gain pressurized access to the station using an 
external airlock configuration with an orbiter 
docking system mounted on top. The orbiter 
approach to the station will be tail down. A pres- 
surized mating adapter on the aft port of node 2, 
will allow docking to a gravity gradient station 
for flights 6,7, and 8. A second pressurized mat- 
ing adapter on the forward port of the United 
States laboratory will perniit docking to a local- 
vertical-local-horizontal aligned station for uti- 
lization flight 1 and subsequent flights. 

Array Feathering Sequence: The timing of the 
solar array feathering and unfeathering during 
the rendezvous sequence relates to the feathered 
angles and power generating capability of the 
arrays while in their feathered position. The 
power requirements of the station a t  a given 
stage of assembly and the resulting depth of dis- 
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Figure 51 
Orbit lifetime analysis for Option B 

charge reached during the feathered sequence 
determine the appropriate timing of the feather- 
ing. For flights 3 through 5, the station has low 
power requirements and good feathering angles 
for power generation, so timing is not critical for 
feathering and unfeathering operations. After 
flight 5 ,  however, relatively large station power 
requirements and potentially poor feathering 
angles for power generation causes the timing of 
the feathering and unfeathering of the arrays to 
become critical. 

Assembly Scenario 

Option B assembly concept builds on Space 
Station Freedom baseline scenarios to provide an 
incrementally increasing capability throughout 
the assembly phase. The assembly sequence 
incorporates four milestones or “stopping points:” 
Power Station, Human Tended Capability, 
International Human Tended Capability and 
Permanent Human Capability. Table 22 shows 
the detailed assembly manifest, including flight 
mass margins, total mass’on-orbit, assembly 
extravehicular activity and stage functionality. 
Figure 52 illustrates the relationship between 
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the Space Station Freedom baseline and 
Option B assembly sequence. Option B deletes 
the mobile transporter batteries and truss seg- 
ment P2 from the Space Station Freedom base- 
line. 

Each of the four milestones offers a logical 
stopping point. The Power Station configuration 
can provide for extended orbiter stay times; in 
these cases orbiter onboard stowage and crew 
physiology become the pacing items for on-orbit 
duration, rather than power and cryogen supply. 
The Human Tended Capability configuration 
incorporates the necessary equipment for sus- 
tained operations, including two-failure tolerance 
for station survival and station-based extravehic- 
ular activity and robotics. The International 
Human Tended Capability configuration com- 
bines the full International Partner laboratory 
complement with the power needed for simulta- 
neous utilization of all three laboratories. 
Finally, the Permanent Human Capability con- 
figuration provides the necessary equipment to 
support a four-person crew independent of the 
orbiter, including an assured crew return capa- 
bility. 

tion between Human Tended Capability and 
The evolution of the Space Station configura- 
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Flight # 

Table 22 
Option B completes assembly to Permanent Human Capability by December 2001 

Elerricri ts 

- 
Launch 
Dale 

a t - 9 7  
Nov-97 
Feb-98 
Aw-98 

- 

May-98 
Jun-98 
Sep-98 
Dec-98 
MU-99 
Juri-99 

Dec-99 
MU-OO 
Jun-00 

Dec-00 
MU-0 1 
Jun-Ol 
Sep-Ol 
Dec-01 

Sep-99 

Sep-00 

- 

NOV-97 
Feb-98 
Apr-98 

Jun-98 
May-98 

Sep-98 
DCC-98 
Mar-99 
Jun-99 
Sel)-99 
DCC-99 
Mar-OO 
Jun-OO 
sep-00 
DCC-00 
Mar-01 
JUWO I 
Sep-0 1 
Dtc-01 

Date Milestone & 
PS 

HTC 

2 P V s  
2 FT 

3 P V s  
IHTC 

PHC 

MB-2 
MB-3 
MB-4 
MB-5 
MB-6 

MB-6A 
MB-7 
MB-8 

MB-IO 
MB-9 

MB-I 1 
MB-12 
MB-13 

MB-13A 
MB-14- 
MB-15 
MB-16 

MB-16A 
MB-17 

Mile 
SuWn 

FEL 
PS 

- 

KTC 

HTC 

PHC - 

ITS-S2, PMs (2) 
ITS-SI, STBD TCS, TDRSS ANTENNA. SSRMS 
ITS-M I ,  CETA, GCAs, Node 2 UMB., LAB UMB., PWP. Batterie! 
NODE 2, PMA-A 
U.S. LAB (800# PAYLOAD RACKS), PMA-B (ON LAB) 
MPLM-A (MWS, 5,200# PAYLOAD RACKS), S P D M N M D ,  MB 
AIRLOCK, EMUS (3), PFRs (2), CUPOLA 
ITS-PI, PORTTCS, UMBILICALS: NODE 1, E M ,  APM, HAB 
ITS-P3, ITS-P4, PORT INBD SOLAR ARRAYS (2) 
PMs (2), ULC, PV#2 BATTERIES 
NODE 1, ITS-P5 
JEM MODULE 
COLUMBUS APM 
E M  &, APM OUTFITTING 
ITS-P6,  PO^ OTBD PV (2) (3 SETS of BATTERIES) 
E M  EF, JEM ES, JEM PS 
HAB 
HAB OUTFI?TING 
ACRV-1. ACRV-2 

- 
High 
Num, 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
11 
12 
13 
14 
I5 
16 
17 
18 
19 
20 

- 

- 

EVA 
AllOC. 

[man-hn) 
24 
24 
24 
24 
36 
24 
24 
24 
24 
24 
12 
24 
36 
36 
0 
24 
12 
24 
0 
0 

- 
Flight 
Name 

MB- 1 
MB-2 
MB-3 
MB-4 
MB-5 
MB-6 

MB-6A 
MB-7 
MB-8 

MB-10 
MB-9 
MB-I1 
MB- I2 
MB- I3 
MB-13P 
MB-14 
MB- I5 
MB-16 
vlB-16A 
MB-17 

- 

- 

Stage Functionality 

PassiveSK 
14.9 kW Payload. Power. Active SK 
STBTCS 
02lN2 Supply,Active TCS 
Rusurized Volume 
SSFIVAOps 
OulfiUedLab 
SuslainableS/C 
PortTCS 
46.9 kW, 2 FT Tolal Powa 
2 F r S K  
RedundantNode 
EMLaboramry 
ESALaboramry 
Outfiued JW & APM 
68.3 kW ToOJ Power 
E M  Exposed Facility 
Habitation Functions 
Outfitted Hab 
Pennanently Manned 

Cargo 
Mass 

36689 
30458 
31646 
31018 
26572 
31054 
21139 

28968 
32119 
28783 
23409 
30172 
30176 
16OOo 
27110 
28101 
30120 
16OOo 
35060 

Jbs) 

19679 

2 
3 
4 
5 
6 
7 
8 
9 
10 
I 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 

Mass 
Margii 

(Ibs) 
77 
583 
520 
1249 
1725 
26 

5867 

2513 
62 
19 

6193 
0 
0 
99 

3371 
0 
0 
99 

-5575 

8328 

Total On- 
OrbitMau 
(Ibs) [11 
36689 
67147 
98793 
129811 
156383 
187437 
208576 
248255 
277223 
309342 
338125 
361534 
391706 
421882 
437882 
464992 
526986 
557106 
573106 
608166 

. - - -  - 

a) Summary Assembly Manifest 

Assembl) 
Altitude 

(nmi) 
193 
190 
220 
219 
217 
212 
220 
215 
210 
203 
214 
220 
220 
220 
220 
220 
220 
220 
220 
220 

- 
Primary 
Cargo 

PV 1 

S1.TCS 
M1,GCA 
Node 2 
US Lab 

Lab Outfit 
Airlock 
P1, TCS 

PV 2 

Node 1 
E M  PM 

APM 
Int? outfit 

PV 3 
E M  EF 

Hab 
Hab Outfit 
ACRV 1 

s2. Prop 

, h p  

- 

- 
Assem 
Est 

[man-hn] 
23 
21 
21 
22 
24 
19 
13 
16 
16 
23 
0 
I8 
24 
18 
0 

24 
12 
17 
0 
0 

NOTES 
[ I ]  Includes mass of payload racks delivered on UF flighu 

b) Detailed Assembly Manifest 
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Figure 52 
Option B us. Space Station Freedom baseline assembly sequence, 28.8 degrees and 51.6 degrees 

Permanent Human Capability is flexible. The 
current Option B assembly approach initially 
emphasizes high power for materials science in 
the human-tended phase,'then adds the capabili- 
ty for greatly extended crew stay times for life 
sciences in the Permanent Human Presence 
phase. If utilization emphasizes early life sci- 
ence, modifications to the post-Human Tended 
Capability assembly sequence, and resulting on- 
orbit configuration, could bring one or more 
International Partner laboratories, the habita- 
tion module or a centrifuge. 

Systems Description 

Option B is derived from the Space Station 
Freedom baseline. I t  maximizes the use of the 
current systems and hardware. The electrical 
power system and guidance, navigation and con- 
trol systems remain unchanged. Option B modi- 
fies the data management system and the com- 
munication and tracking system, and makes 
minor modifications to the environmental control 
and life support system and the thermal control 
system. 

Structures And Mechanisms 

The structures and mechanisms for Option B are 
the same as used for Space Station Freedom. 
These include common berthing mechanisms, 
pressurized mating adapters, the unpressurized 
berthing adapter, radiator and solar array 
deployment mechanisms and truss ports. 

The common berthing mechanism mates 
pressurized elements together. The standard 
design for the common berthing mechanism min- 
imizes development cost and allows flexibility in 
arranging the pressurized modules. Each node 
has six common berthing mechanisms, the 
International Partner and logistics modules all 
have one each, and the United States laboratory 
and habitation modules both have two. Both 
Soyuz vehicles will require an adapter to  mate 
with node 1. 

The pressurized mating adapter and unpres- 
surized berthing adapter serve as the docking 
ports for the orbiter. Prior to  flight 6, the orbiter 
attaches to the unpressurized berthing adapter 
located at the end of the truss. After flight 6, 
with delivery of the United States laboratory, 
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Option B provides two pressurized mating 
adapters, one primary and one backup. 

Deployment mechanisms unfurl and retract 
the solar arrays and radiators from the truss seg- 
ments. Extravehicular activity crew must manu- 
ally pull out the solar array canisters and rotate 
the "blanket" boxes from the stowed, launch con- 
figuration. A deployment mechanism then auto- 
matically extends the mast and unfolds the solar 
arrays. The two external active thermal control 
system radiator wings have three panels, each 
with its own deployment mechanism. Each pair 
of solar arrays has a radiator panel with a 
deployment mechanism. All deployment mecha- 
nisms have a manual override in case of failure. 

The truss ports provide structural support 
and utility transfer for all items stored on the 
truss, such as unpressurized logistics carriers, 
gas conditioning assemblies, propulsion modules 
and attached payloads. To minimize development 
cost, all truss ports use the propulsion module 
attachment system. The truss port locations are 
the same for Option B as Space Station Freedom 
except the unpressurized logistics carriers will 
now sit on a different truss segment and one of 
the attached payload port has been relocated. 

Electrical Power System 

The electrical power system generates, stores 
and distributes power to systems, elements and 
payloads. The silicon cell solar arrays generate 
160 volts (nominal) DC primary power. DC to DC 
converter units convert the primary power t o  120 
plus or minus 3 volts DC secondary power for 
distribution to the systems, elements and pay- 
loads. The physical locations of the electrical 
power system hardware and a functional block 
diagram of the electrical power system architec- 
ture are shown in Figure 53. 

Option B utilizes the Space Station Freedom 
baseline electrical power system architecture and 
photovoltaic module design. The electrical power 
system employs a channeled architecture with 
each of the two primary power channels per pho- 
tovoltaic module rated at 9.375 kW. The DC to 
DC converter units provide the conversion from 
primary to secondary power. The DC to DC con- 
verter units output 6.25 kW at 120 volts direct 
current and DC to DC converter units may be 
used in parallel to support 12.5 kW loads. The 
baseline electrical power system architecture and 
solar power module designs are mature, modular 

and expandable. They are designed to meet all 
key requirements, such as fault tolerance, power 
quality, power rating and power capability. The 
critical design review for the baseline electrical 
power system has been held. Orbital replacement 
unit development tests and analyses are com- 
plete and fabrication of qualification hardware 
has begun for the solar array panels, radiator 
tubing and panels, coldplates and structure. 

generation and energy storage hardware, the 
photovoltaic active thermal control system and 
primary and secondary structure outboard of the 
alpha joints. At Permanent Human Capability, 
the starboard solar power module consists of one 
photovoltaic module, and the port solar power 
module consists of two photovoltaic modules. The 
power generation hardware lies outboard of the 
alpha joints, while most of the management and 
distribution hardware lie inboard of the alpha 
joints. The alpha and beta gimbals provide full 
Sun tracking to the solar arrays. With a full com- 
plement of batteries, each photovoltaic module 
nominally produces 18.75 kW, 120 volts DC con- 
tinuous and 25 kW peak power at beginning of 
life plus five years. Figure 54 shows the power 
output as a function of time. Table 23(a) shows 
current estimates of beginning of life plus five- 
year power capability. Figure 55 shows the con- 
tinuous power capability for each stage. 

The solar power module consists of the power 

Thermal Control System 

The thermal control system maintains systems, 
elements and payloads within required tempera- 
ture limits. It uses both active and passive 
means to control temperatures and manage heat 
loads generated by power consumers, environ- 
ment, crew and chemical processes (Figure 56). 

The passive thermal control system utilizes 
coatings, insulation, isolators, heaters and pas- 
sive radiators to maintain temperatures. The 
active thermal control system uses fluid loops to 
acquire, transport and reject waste heat. These 
systems provide two failure tolerance to critical 
systems and one failure tolerance to life support 
functions from flight 6 through flight 10. After 
flight 10, Option B has full two failure tolerance 
to all critical functions. 

The passive thermal control system coatings 
enhance heat absorption to minimize heater 
power or enhance heat loss. Multilayer insula- 
tion isolates surfaces from their environment. 
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Figure 53 
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Figure 54 
Electrical power system power generation profile - International Human Tended Capability configuration 

Applications include the pressurized module 
exterior shells and the low temperature internal 
water lines. These heaters prevent freezing for 
hydrazine in the propulsion modules. Passive 
radiators are used to reject heat from external 
avionics. 

the external, the internal and the photovoltaic 
active thermal control system. The external 
active thermal control system consists of three, 
two phase ammonia loops (one moderate temper- 
ature and two low temperature loops). Major 
components include heat exchangers, coldplates, 
pumps, ammonia tanks and rotating, direct con- 
densing radiators. The moderate temperature 
loop can operate as a low temperature loop to 
provide redundancy to life support functions. The 

The active thermal control system consists of 

external active thermal control system can reject 
27.8 kW of heat at Human Tended Capability 
(41.8 kW using the third radiator orbital replace- 
ment unit) and 95.6 kW at Permanent Human 
Capability. The internal active thermal control 
system consists of two, single phase water loops 
in each pressurized element (one moderate and 
one low temperature loop) cross connected for 
redundancy. Major components include pump 
modules, coldplates, heat exchangers and flow 
control assemblies. The photovoltaic active ther- 
mal control system consists of two, single phase 
ammonia loops on photovoltaic-1, and one loop on 
photovoltaic-2 and photovoltaic-3. Major compo- 
nents include coldplates, pumps, flow control 
assemblies and radiators. Each photovoltaic 
active thermal control system can reject 8.4 kW 
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Table 23 
Option B payload power 

a)  Option B Orbit Average Power 

No. of PV 
Modules 

Milestone 

Orbit Average 
Power (kW) 

PS 

HTC-S 

IHTC 

PHC 

I 2 46.9 

68.3 

1 

3 

23.5 

Orbit Average Power is for an EPS at BOL + 5 
Years, Using an Average Yearly Eclipse Time 
and a Full Complement of BatteriedBCDUs. 

b) Option B Continuous Stage Power 

Power Station 

Power 
Cap ability Housekeeping 

18.8* 

23.6 

68.2 

66.3 

2.4 

10.4** 

23.1** 

28.0** 

Available 
To Payloads 

A 

NIA 

13.2 

45.1 

38.3 

B 

8.0 

8.5 

40.6 

NIA 

Stage Power is specific to the Option B assembly sequence 

*2/3 Battery/BCDU complement 
**Assumes 14.7 psi inside station 
A: No power transfer to the Orbiter 
B: 20-day Orbiter mission with power transfer 

Payload 
Allocation 

11 

11 

30 

30 
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Figure 55 
Payload power availability through Permanent Human Capability 

orbit average and 12 kW peak waste heat gener- 
ated by the photovoltaic module equipment. 

The thermal control system is built and oper- 
ated in increments starting with the launch of 
the photovoltaic-1 active thermal control system, 
fully charged with ammonia, on flight 1. All com- 
ponents on truss segments S3 and S4 are pas- 
sively cooled until electrical power system and 
photovoltaic active thermal control system acti- 
vation on flight 2. Principal low temperature 
external active thermal control system compo- 
nents launch dry (to reduce mass and complexi- 
ty) on flight 3 and require nitrogen from the gas 
conditioning assembly on flight 4 to force ammo- 
nia from the storage tanks into the fluid lines. 

Option B does not significantly alter the 
thermal control system design, adding only one 
avionics radiator on segment S2 to accommodate 
an additional external standard data processor. 
Option B has high power and long fluid lines that 
favor development of two-phase technology to 
minimize power and weight. The design is 
mature; some components (e.g., the photovoltaic 
active thermal control system coldplates and 

radiators) have completed critical design reviews 
and begun manufacture of flight hardware. 

Propulsion System 

Propulsion for Space Station reboost, attitude 
control and final docking with the orbiter is pro- 
vided by the propulsion modules that utilize 
hydrazine as a monopropellant. Each propulsion 
module fluid system is self contained with no 
fluid connections to the Space Station or other 
propulsion modules. The modules are delivered 
to the Space Station fully loaded or partially 
loaded, depending on the optimum payload mani- 
festing for the particular Space Shuttle mission. 
The first two propulsion modules are brought up 
on flight 2 and attached to the truss segment, 
just inboard of the alpha joint. The modules con- 
tain the necessary propellant, thrusters and 
avionics to provide thrust for reboost and atti- 
tude control. The propulsion modules consist of a 
mounting structure and a cluster of six series 
propellant and pressurant tanks. The structure 
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a) Active TCS Major Components 

I 

c)  Active TCS Architecture 

b) Active TCS Subsystems 

Figure 56 
Thermal control system at Permanent Human Capability 
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provides for the mounting and support for all 
module components, a mechanical interface with 
the truss assembly, and a mechanical interface 
with the orbiter for launch and return. The 
propulsion module pressurized volumes (tanks 
and fluid lines) are considered safety-critical 
hardware and thus have micrometeoroid and 
orbital debris protection. Attach systems provide 
the propulsion module mechanical, structural 
and umbilical attachment to the truss. There are 
eight module locations. The total number of 
propulsion modules on-orbit is based on opera- 
tional and logistics considerations. The modules 
are returned to the ground for refueling. 

Guidance, Navigation and Control System 

The guidance, navigation and control system 
computes orbital reboost and collision avoidance 
maneuvers, determines attitude and attitude 
rate, and computes pointing information for com- 
munication and tracking (Figure 57). The system 
consists of the four control moment gyros, three 
inertial sensor assemblies, two star trackers, one 
navigation base and four passive magnetic 
dampers. I t  activates the control moment gyros 
on flight 2 to support Power Station and does not 
significantly modify guidance, navigation and 
control. 

Data Management  System 

The Option B data management system architec- 
ture (Figure 58) retains the same sof'tware and 
hardware components as the Space Station 
Freedom baseline. This approach takes maxi- 
mum advantage of the completed Space Station 
Freedom baseline development work. The hard- 
ware and software are at critical design review, 
and Option B requires no new component or soft- 
ware design work. Option B separates the exter- 
nal and internal system control functions and 
eliminates the separate payload fiber optic net- 
work. Option B also simplifies the user support 
environment, the network operating system,and 
the master object database manager. The config- 
uration selected deletes the printers and the sep- 
arate emergency management and distribution 
system. 

Option B places all systems mounted on the 
truss under the control of external data manage- 
ment system components. Separate data man- 

agement system components control the avionics 
in the pressurized elements. This separation sim- 
plifies verification by allowing separate facilities 
for truss and pressurized element avionics verifi- 
cation. The external data management system 
components control all station survival functions 
without reliance on the active thermal control 
system, or on the systems that make up the pres- 
surized volumes. This reduces the number of 
orbital replacement units required for station 
survival by over 50 percent, enhancing the over- 
all station reliability and availability. Two fail- 
ure tolerance for data management system starts 
a t  flight 2, versus flight 6 for the Space Station 
Freedom baseline. 

Elimination of the payload fiber optic net- 
work deletes bridges and payload ring concentra- 
tors, providing savings in power and mass. 
United States laboratory payload commanding is 
via the payload standard data processor over mil- 
itary standard 1553B buses. International pay- 
loads are commanded across the fiber optic net- 
work gateways. The data management system 
transfers data among payloads and to the ground 
via high rate links to the communication and 
tracking system. Option B simplifies the payload 
command and control architecture. Increasing 
the isolation provided between the core and pay- 
load systems and minimizing payload verifica- 
tion requirements. Option B replaces the manual 
fiber optic patch panel, used for high-rate link 
data transferred to the Ku-band system, with an 
automated patch panel. This configuration has 
several advantages over the fiber optic payload 
network connections and the Space Station 
Freedom baseline patch panel: lower power and 
cost per payload connection, increased telemetry 
bandwidth, remote reconfiguration during tend- 
ed and untended operations, and high rate link 
rack to rack communication. External payloads 
on the truss and United States payloads in inter- 
national elements are provided access to the pay- 
load standard data processor local buses and 
high rate links routed to the automated patch 
panel. Portable computers are used for most pay- 
load interfaces to minimize local bus traffic. The 
Option B data management system achieves sav- 
ings over the Space Station Freedom baseline by 
the separation of internal and external avionics, 
which reduces and simplifies the integration and 
verification tasks and associated facilities. The 
elimination of the payload fiber optic network 
reduces hardware, software and verification costs 
for both assembly and operations. 
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Figure 57 
Guidance, navigation and control system 
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Communications and Tracking System 

The communications and tracking system uses 
an assembly contingency gubsystem, a space-to- 
ground subsystem, a video distribution subsys- 
tem, an internal audio distribution subsystem 
and an ultra-high frequency communications 
subsystem (Figure 59). 

The assembly contingency subsystem is a 
single-fault tolerant, S-band communications 
link between the station and the ground via the 
Tracking and Data Relay Satellite System. The 
Space Station Freedom baseline provided com- 
mand, control and telemetry data transfers 
between the ground and the station, along with 
two channels of full duplex audio. Option B 
changes the formatting used for data and audio. 
Baseline formatting utilized, a packetized data 
transfer protocol, and audio conversion provided 
9.6 kbps of digitized audio per channel (19.2 kbps 
total for two channels). The Option B approach 
uses bitstream data formatting similar to the 
Space Shuttle program and uses the Space 
Shuttle program audio conversion at 32 kbps per 
channel f64 kbps total for two channels). 

width available when audio channels are utilized 
by requiring 64 kbps for audio. The Space 
Station Freedom baseline provided 172.8 kbps of 
downlink and 52.8 kbps of uplink (including 
overhead) when audio channels were active. 
Option B will now provide 128 kbps of downlink 
and 8 kbps of uplink when audio is active. The 
savings with Option B is the ability to  utilize 
existing mission and payload control systems. 

The space-to-ground subsystem is a zero- 
fault tolerant, single string Ku-band communica- 
tions downlink from the station to the ground via 
the NASA Tracking and Data Relay Satellite 
System. The baseline capability allowed up to 
43.2 Mbps of payload data and video data (up to 
four channels) to be sent to  the ground by using a 
packetized data transfer protocol. Option B will 
use the same data format as  in the Space Shuttle 
program. This formatting change will allow a 
higher usable data bandwidth for payloads; 48 
Mbps for payload data only or 2 Mbps for payload 
data when wdeo is transmitted. Another change 
will be to  utilize direct FM transmission of video 
instead of a digitized approach. This change will 
capitalize on existing Space Shuttle program 
ground systems capable of handling data and FM 
video. 

Option B reduces the amount of data band- 

The video distribution subsystem is a zero- 
fault tolerant system used for distributing 
onboard television camera views to monitors and 
recorders and for transmission to the ground. 
Space Station Freedom baseline used a digitized, 
fiber optic distribution of internal and external 
camera views. Option B utilizes the same tech- 
nology but changes to Space Shuttle program 
camcorders (internal), reducing the amount of 
units from seven to four (two a t  Human Tended 
Capability and four at Permanent Human 
Capability) external camera port locations from 
14 to 10 (five a t  Human Tended Capability and 
10 a t  Permanent Human Capability) and the dis- 
tribution video switches (internal: from six to  
four; external: from three to two). 

and voice communications between the crew 
members, docked orbiter and the ground. The 
Space Station Freedom baseline has a single- 
fault tolerant (two strings) system with both a 
wireless audio capability and a distributed audio 
capability using fiber optic technology. Space 
Station Freedom baseline audio was also respon- 
sible for caution and warning annunciation in a 
one-fault tolerant environment. Option B reduces 
the international audio subsystem to  zero-fault 
tolerant (one string), wireless only audio inter- 
communications. Option B uses a single fault tol- 
erant set of Space Shuttle program derived cau- 
tion and warning annunciators, and provides a 
redundant direct microphone plug-in capability 
for voice communications with the ground via S- 
band interfaces. The ultra-high frequency com- 
munication subsystem provides space-to-space 
communications of audio and data (8 kbps) 
between two extravehicular activity crew mem- 
bers, and between extravehicular activity crew 
members and the orbiter, and between the 
orbiter and the Space Station when in close prox- 
imity. The Option B ultra-high frequency com- 
munication subsystem is the Space Station 
Freedom baseline. 

The internal audio subsystem provides audio 

Environmental  Control and Life Support 
System 

The environmental control and life support sys- 
tem provides the habitable environment for the 
crew, The environmental control and life support 
system is composed of six subsystems: atmos- 
phere control and supply, atmosphere revitaliza- 
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I tion, fire detection and suppression, temperature 
and humidity control, water recovery and man- 
agement, and waste management. Figure 60 
shows the environmental control and life support 
system functional schematics for Permanent 
Human Capability. 

all Human Tended Capability environmental 
control and life support system equipment and 
software has started long-lead fabrication to SUP- 
port flight hardware delivery schedules. The 
Human Tended Capability environmental control 
and life support system hardware and software 
will be qualified for delivery beginning in 1994 
and early 1995. 

The atmosphere control and supply subsys- 
tem provides oxygen and nitrogen pressure con- 

Under the Space Station Freedom baseline, 

I 
l 

trol, vent and relief, oxygen and nitrogen storage 
and distribution, gas conditioning and pressure 
equalization. Cryogenic oxygen and nitrogen 

~ 

I 
flows into the gas conditioning assembly where 
the gases are regulated and thermally condi- 
tioned prior to entry into the habitable volumes. 
Then the gases are distributed to the element 
use points. Vent and relief hardware provides the 
capability to avoid both over and under pressur- 
ization of the habitable volumes. 

The atmosphere revitalization subsystem 
monitors and controls the level of carbon dioxide 
and trace contaminants in the cabin air. A four- 
bed molecular sieve removes carbon dioxide from 
the cabin air and vents the carbon dioxide to 
space. The major constituent analyzer monitors 
the partial pressure of major constituent gases. 
The trace contaminant control system removes 
excess trace contaminants. At Permanent 
Human Capability, a trace contaminants monitor 
will measure trace gases and total particulate 
count. There are provisions to allow growth to 
closed loop oxygen recovery after Permanent 
Human Capability. 

The trace contaminants monitor and the 
crew health and environments system volatile 
organic assembly measure about the same trace 
gases but to different concentrations. 

tem sensors detect the smoke in an element 
enclosed volume. The power and airflow to that 
enclosed volume is automatically shut off. Then 
the carbon dioxide fire suppressant floods the 
enclosed volume and extinguishes the fire. 
Portable carbon dioxide extinguishers are used to 
manually suppress fires in the cabin open vol- 
ume, The fire detection and suppression remains 

I 

The fire detection and suppression subsys- 

I 

~ 

I 

unchanged from the Space Station Freedom 
baseline except for the deletion of the flame 
detector. 

system provides for the control of cabin tempera- 
ture, humidity, air particulates, micro-organ- 
isms, intermodule ventilation and avionics air 
cooling. Intermodule ventilation is provided 
between acijoining station pressurized elements 
to circulate air for the crew. 

The water recovery and management subsys- 
tem recycles water to reduce the amount of water 
that must be resupplied to the station and the 
waste water that must be returned from the sta- 
tion. This subsystem consists of equipment to 
recover water from hygiene sources &e., clothes 
washer and dryer, shower and hand wash), from 
the urine and flush water, from cabin conden- 
sate, the extravehicular mobility unit, and fuel 
cell water supplied by the orbiter. The water 
recovery and management restores system clean- 
liness after contamination and vents excess 
water. During Human Tended Capability, how- 
ever, the system only provides the capability for 
condensate storage with overboard venting. The 
orbiter provides the remaining functions. 
Option B deletes the sterilizer. 

The waste management subsystem collects 
and stores the crew metabolic wastes. Prior to 
Permanent Human Capability, the waste man- 
agement functions are provided by the orbiter. At 
Permanent Human Capability and beyond, com- 
mode facilities collect and store the waste, Urine 
and flush water equipment collect this waste for 
subsequent processing in the waste recovery and 
management subsystem. 

The environmental control and life support 
system provides the vacuum exhaust system, 
vacuum resource system and nitrogen distribu- 
tion to the payloads for experiments. Nitrogen is 
plumbed from the module umbilicals to the 
International Standard Payload Racks for experi- 
ment usage, The vacuum exhaust system pro- 
vides removal of waste gases generated by pay- 
loads and facilities. The vacuum resource system 
gives the payload access to space vacuum for pur- 
poses other than removal of bulk waste gases. 

The temperature and humidity control sub- 

Flight Crew Equipment Systems 

Flight crew equipment systems consist of equip- 
ment that enable safe and comfortable crew habi- 
tation and interfaces for a productive and sus- 

114 



Air O ~ N S  Pressure COS Removal Fire Oetection Urlne 

Waste 

Temperature c-ntrLl . 
Control 

Vent i Relief 
Humidity 
C o n m  0 9 N 2  Storage 

O W 2  Air 0 

Distribution . Control ~~ 

Ventilation 
Intennodule 
Ventilation 
Avionics Air 
Cooling 
Thermal 
Storage 

EVAMAL 
support 
Experiment 
support 
Contingency 

Support 
. G ~ s  

- 
support , 

Environmental Control and Life Support System (ECLSS) Functions. 

Users pJ 
- t------ 

LAB module Node 2 

SZLSS NNCZIONAL SCXE?.lATIC 

Figure 60 
Environmental control and life support system Permanent Human Capability 

115 



Space Station Redesign Team Final Report 

tained working environment. Distributed 
throughout the modules, the flight crew equip- 
ment systems provide habitation, operational 
support, personal hygiene, environmental health 
assessment, emergency equipment and supplies, 
housekeeping, inventory management, trash 
management, photographic and viewing equip- 
ment, recreation and off-duty equipment and 

crew equipment systems. 
I 

stowage. Option B does not modify the flight 

Extravehicular Activity System 

The extravehicular activity system provides the 
capability for the crew to perform planned and 
contingency tasks in an unpressurized environ- 
ment. The extravehicular activity system sup- 
ports external maintenance, repair, and inspec- 
tion of systems and elements. The extravehicular 
activity system consists of Space Shuttle 
Program space suits, exercise equipment, airlock 
and depressurization and repressurization con- 
trols, translation and mobility aids, and extrave- 
hicular activity tools. The airlock contains most 
of the extravehicular activity system equipment, 
with the rest distributed among the other ele- 
ments. Option B does not modify the extravehic- 
ular activity system. 

Automation and Robotics 

The Option B approach to assembly and mainte- 
nance operations is quite similar to the Space 
Station Freedom approach, consequently the 
robotics systems are the same. The Canadian 
Mobile Servicing System performs assembly and 
maintenance functions across the entire station. 
It includes the Special Purpose Dexterous 
Manipulator, the Space Station Remote 
Manipulator System, the Mobile Base System 
and the Mobile Transporter. The total system is 
used for assembly and maintenance of large 
objects such as truss segments, pressurized mod- 
ules and logistics elements. The Special Purpose 
Dexterous Manipulator performs operations on 
smaller components, such as  orbital replacement 
units and covers, reducing the need for extrave- 
hicular activity. The Mobile Servicing System 
Maintenance Depot provides a place to store 
spares. There are several power data grapple fix- 
tures on the truss and pressurized modules to 
allow the Mobile Servicing System to transport 

itself and its payloads to all assembly and main- 
tenance worksites. 

Similarly, the Japanese Experiment Module 
Remote Manipulating System is retained in its 
baseline form. This system, consisting of a main 
arm (similar to the Orbiter Remote Manipulator 
System) and a dexterous small fine arm, sup- 
ports assembly and maintenance functions local- 
ly on the Japanese Experiment Module 
Pressurized Module and Exposed Facility. 

Manufacturing Considerations 

Activities to build the Option B flight elements 
will be accomplished much the same as the base- 
line station except for two significant changes 
involving nodes and airlock. In the baseline, two 
contractors build, outfit and checkout pressur- 
ized modules, which results in duplication of 
capabilities. Option B splits control functions 
into loosely coupled external and internal sys- 
tems, and allows a separation of integrated test- 
ing and verification not practical in the Space 
Station Freedom baseline. 

lkst and Verification 

With few exceptions, the verification approach 
developed and implemented for the baseline 
applies directly to Option B. Figures 61 and 62 
show the verification process from the identifica- 
tion of requirements to close-out and certifica- 
tion. Program Master Verification Requirements 
and the Master Verification Plan have been base- 
lined. The Master Verification Database has 
been developed and implemented to support the 
verification and certification process. A number 
of test facilities across the program are in use for 
system and element development testing. These 
and other Space Station Freedom baseline facili- 
ties and test capabilities coming on-line will be 
used for qualification and acceptance tests. 
Twenty-nine major facilities will be involved in 
systems and software integration and tests. Of 
these, 25 are involved in hardware and software 
development, test and verification, and the rest 
are element acceptance and launch package inte- 
gration facilities that support flight article verifi- 
cation. Kennedy Space Center has facilities for 
launch package integration, stage integrated test 
and Space Shuttle testing. 
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b) Combined Element Integration Test Configurations 

Figure 61 
Ground processing flow and stage testing configurations 
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I 1  
I I  

Figure 62 
Option B launch package verifflatwn process flow 

In the Space Station Freedom baseline, ware load located at the Johnson Space Center 
facility will be used to integrate time critical avionics systems and software are integrated and 

tested in a Central Avionics Facility located at 
Johnson Space Center. The facility contains that 
complement of external and internal avionics 
systems and simulations for other station sys- 
tems needed for systems and software integra- 
tion and testing. The Option-B avionics architec- 
ture partitions station functions into loosely cou- 
pled external and internal systems. This split 
architecture allows Option B to downsize the 
central facility at Johnson Space center for inte- 
gration and testing of external systems. I t  also 
allows utilization of the United States laboratory 
element test article and the node avionics simu- 
lator for internal systems at Marshall Space 
Flight Center. The hardware and software inte- 
gration of the external to internal systems will be 
accomplished via a fiber data distribution inter- 
face link between the Johnson Space Center 
facility and the United States laboratory element 
test article and node avionics simulator for func- 
tions that are not time critical. If required, an 
internal flight processor and appropriate soft- 

functions. This approach will increase the fidelity 
of avion'ics integration and testing by utilizing 
the actual hardware sensors and effectors in the 
United States laboratory element test article 
rather than simulations. Option B realizes a cost 
saving from the Space Station Freedom baseline 
due to  the reduction of hardware and simulations 
by utilizing the United States laboratory element 
test article. 

Factory sites will perform flight article 
acceptance testing. The combined test team will 
eliminate post delivery test and verification a t  
Kennedy Space Center. Kennedy Space Center 
will handle stage integrated testing for each 
flight 1 through flight 7. Partitioning internal 
and external avionics eliminates the need for the 
node avionics simulator at Kennedy Space 
Center and Marshall Space Flight Center a t  the 
same time. Option B may require an upgrade to 
an existing Kennedy Space Center flight proces- 
sor simulator to represent the internal functions 
for the flight 2 stage test. 
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Orbiter Modifications 

Orbiter modifications required to support 
Option B are the same as those required for the 
Space Station Freedom baseline. For example, 
Option B requires a data interface unit in the aft 
flight deck for command data with the orbiter 
while mated; remotely operated electrical umbili- 
cals for transfer of power, command and data on 
the early flights; assembly power conversion 
units for power to cargo elements in the payload 
bay; and an external airlock and docking system. 
Long-duration orbiters may be used to provide 
early science capability beginning after flight 2. 
Two orbiters will be modified and available by 
1997 with the capability to support a 20-day mis- 
sion configured with a Spacelab in the payload 
bay. Maximum stay time is limited by crew phys- 
iology considerations, the orbiter cryogens supply 
and by the amount of power transferred from the 
Space Station. User power on the orbiter is 
restricted to approximately 9.5 kW based on 
orbiter power distribution limitations and heat 
rejection capability. User experiments can be 
conducted in the mid-deck and Spacelab. Early 
utilization of long-duration orbiters, flight 2 
through flight 5, does not require the external 
airlock and docking system, but will require mod- 
ification of the unpressurized berthing adapter to 
incorporate the Spacelab tunnel and the mating 
interface. If the external airlock and docking sys- 
tem is installed, the unpressurized berthing 
adapter must be replaced with a small transition 
structure attached to the mobile transporter with 
the passive half of the docking system enabling 
normal dockings. 

Power transfer to the orbiter for long-dura- 
tion orbiter flights will be provided via orbiter 
power conversion units on the orbiter. Three 
orbiter power conversion units are required for 
long-duration orbiters prior to Human Tended 
Capability to provide maximum power to the 
users, who are all assumed to be on the orbiter 
side of the interface. After Human Tended 
Capability, Option B requires two orbiter power 
conversion units. 

Integration Factors 

Once acceptance testing at the factory has been 
completed, the flight hardware will be transport- 
ed to Kennedy Space Center for ground process- 
ing prior to  launch. The development centers will 

have engineering support personnel present at 
the launch site during the processing of their 
hardware. All nonhazardous elements will be 
processed through the Space Station Processing 
Facility and the hazardous elements will be 
processed through the Propulsion Module 
Servicing Facility. 

Hardware undergoes receiving inspection, 
post delivery verification, stage testing, launch 
package integration, off-line Space Shuttle inter- 
face testing and, if required, hazardous servicing. 
Receiving inspection includes reviewing the data 
packages and inspecting for visible shipping 
damage. Post delivery verification will fhction- 
ally verify the hardware at the element and end 
item level. Stage testing consists of mating the 
flight 1 and flight 2 flight hardware (S2) to verify 
stage functionality. Subsequent stages are veri- 
fied using development test articles for stage 2 
and flight hardware for stages 3 through 6A. See 
Figure 61 for the ground processing flow and 
stage test configuration. Launch package inte- 
gration-configures the various elements of an 
individual flight for installation into the orbiter. 
Testing verifies the station element-to-Space 
Shuttle interface prior to  integration. 

Ground processing includes all experiment- 
to-tack physical integration. Ground processing 
also includes an interface verification test 
between the United States payload rack and 
attached payloads with the core station. After 
completing integration activities, the majority of 
all cargo elements are transported to  the pad for 
vertical installation into the orbiter. Exceptions 
to vertical installation are installed in the orbiter 
a t  the orbiter processing facility. 

Performance and Capability 

Weight Summary 

Option B uses weight data from the Space 
Station Freedom Program, which has critical 
design review level of maturity. These data were 
used in the assembly manifesting process . Since 
the Shuttle provides approximately 37,800 
pounds of useful upmass capability to  220 nauti- 
cal miles at a 28.8 degree inclination, including 
orbital support equipment (approximately 6000 
pounds) and a reserve (1800 pounds), a typical 
stage results in the addition of approximately 
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31,000 pounds of on-orbit mass. Outfitting stages 
requiring the use of one or more mini-pressur- 
ized logistics modules provide somewhat less on- 
orbit mass because the tare weight of the carrier 
must be subtracted from the overall mass. Table 
24 provides a flight-by-flight breakdown of cargo 
mass. Figure 63 shows flight summaries of cargo 
mass with margins included. 

Total on-orbit mass is shown in Table 22(b). 
The values presented in the table include prima- 
ry structure and payloads delivered by utiliza- 
tion flights. The total on-orbit mass for the Power 
Station configuration is 67,147 pounds. This total 
grows to 248,255 pounds with the completion of 
the starboard truss and addition of node 2 and 
the United States laboratory for Human Tended 
Capability. The completion of the port truss and 
the addition of the International Partner mod- 
ules brings the total on-orbit mass to 526,986 

pounds at International Human Tended 
Capability. Finally, the habitation module and 
assured crew return vehicles bring the total 
Permanent Human Capability mass to 608,166 
pounds. A subsystem weight summary is shown 
in Table 25. 

Power Summary 

The Option B concept sufficiently meets all user 
power oommitments. Table 23 and Figure 55 
address power generation and user power avail- 
ability for this option. Beginning with one photo- 
voltaic array at the Power Station capability, 
18.8 kW of total power is generated with 8.0 kW 
available to users for a 20-day orbiter mission. 
Once Human Tended Capability is achieved, 
23.6 kW of power is generated with 13 kW 

Table 24 
Option B cargo mass by flight 
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Figure 63 
Launch weights for Option B assembly sequence (28.8) 

Table 25 
Option B subsystem weight summary 

I 
Data Management System and Application Software 
Electrical Power Generation 
Power Distribution and Control 
Communications and Tracking 
Environmental Control and Life Support 
Thermal Control 
Flight Crew Equipment Systems 
Propulsion 
Secondary Structures 
Mechanical Systems 
Guidance and Control 
Extravehicular Activity 
Consumables 
Total 

Launch Weight (lb) - 
&ace Station Freedom 

10,34 1 
34,852 
29,193 
3,323 
19,304 
33,399 
10,767 
29,412 
166,623 
38,418 
2,8 19 
9,202 
30,292 
417,945 

Option B 
9,241 
34,852 
29,193 
2,168 

33,399 
19,304 

10,767 
29,412 
166,623 
38,418 
2,819 
9,202 
30.292 
415,690 
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Table 26 
Option B subsystem power summary 

Data Management System and Application Software 
Electrical Power Generation 
Power Distribution and Control 
Communications and Tracking 
Environmental Control and Life Support 
Thermal Control 
Crew Health Care 
Flight Crew Equipment Systems 
Propulsion 
Secondary Structures 
Mechanical Systems 
Guidance and Control 
Extravehicular Activity 
Utilities 
Con sumables 
Margin 
Total 

HousekeeDing Power (kW) 
- I  

Space Station Freedom 
3.48 

1.48 
1.06 
5.4 1 
1.70 
0.32 
1.43 
0.90 
0.00 
0.20 
0.53 
0.01 
0.00 
0.00 
0.79 
17.31 

ODtion B 
3.53 

1.48 
1.60 
5.41 
1.70 
0.32 
1.43 
0.90 
0.00 
0.20 
0.53 
0.01 
0.00 
0.00 
0.79 
17.90 

available to users with no power transfer to the 
orbiter, or 8.5 kW if power transfer to the orbiter 
is required. At the International Human Tended 
Capability with the second and third photovoltaic 
arrays present, 68.2 kW are generated'and the 
user power is increased to 45.1 kW with no 
orbiter power transfer or 40.6 kW with orbiter 
power transfer. After the United States habita- 

Safety and Reliability 

The Option B design meets or  exceeds all 
requirements to maintain station and crew sur- 
vival and orbit integrity for all stages. The over- 
all failure tolerance has been improved by the 
incorporation of two-fault tolerant avionics sys- 
tem to support critical functions. Because the 

tion module and assured crew return vehicles are 
added to establish Permanent Human 
Capability, the level of user power remains s u a -  
ciently high at 38.3 kW. A subsystem power sum- 
mary is given in Table 26. 

Option Bs key attribute to high power is the 
incorporation of both alpha and beta joints to 
provide full Sun tracking to the solar arrays. 
With this configuration, the highest levels of 
power can be maintained throughout the orbit 
and a t  various flight attitudes while maintaining 
the required microgravity levels. In addition to 

alpha joint is only single-fault tolerant, two-fault 
tblerance in the power system is not achieved 
until the second array is deployed on flight 10. 
Flight 11 marks the first full two-fault tolerant 
system capability (power, data, thermal and 
propulsion) with the delivery of the port propul- 
sion modules. 

Current analyses show that the solar array 
mast structural integrity is marginal under 
orbiter plume loading during docking or depar- 
ture proximity operations. If detailed analyses 
assuming optimized orbiter thruster firing pro- 

high power, the users and International Partners 
receive the commitment of 120 volts direct cur- 
rent continuous power at their payload inter- 
faces. 

files and other operational techniques do not 
result in sufficient margins, design trades 
between mast strength improvements and 
orbiter thruster modifications will be performed 

l 
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to  achieve the plume load margins. An orbiter 
thruster modification (reduced pulse length) to  
improve margins is included in the costs for 
Option B. 

The Option B design must demonstrate com- 
pliance with the micrometeoroid and orbital 
debris shielding requirements. The most signifi- 
cant issue currently is the probability of critical 
failures, such as structural failure of the module 
or  the cupola window resulting from a penetra- 
tion event. Higher inclination orbits require bet- 
ter micrometeroid and orbital debris protection. 
Current design and test activities will ensure 
micrometeroid and orbital debris shield design 
integrity to  comply with program safety require- 
ments. 

In Option B, the data management system 
isolates critical systems from payloads. This 
change is made to prevent payloads from acci- 
dentally commanding critical systems and great- 
ly reduces the need to test and verify commands 
and software. The automated patch panel 
reduces crew involvement and increases schedul- 
ing flexibility. As in the Space Station Freedom 
baseline, Option B supports a safe mode of 24 
hours, or more, without any contact with the 
ground. 

leading to incorrect control commands or  inad- 
vertent operations that pose hazards to crew 
safety or station survival. Option B highly lever- 
ages the baseline program software architecture, 
which has not as  yet demonstrated full compli- 
ance with safety requirements. Rigorous soft- 
ware specifications and code development, test- 
ing strategy and other controls will mitigate 
these risks. The program also must perform a 
software hazard analysis to demonstrate design 
compliance with program safety requirements. 

Other risks inherent in Option B also have 
been considered. The overall schedule risk of the 
baseline station program was eliminated with 
the 19-month slip assumed for Option B first ele- 
ment launch. Lifetime of critical hardware, if sig- 
nificantly underestimated, may necessitate sig- 
nificant deviations from the assembly sequence 
baseline to allow for the unplanned maintenance. 
Space Shuttle flight rate reductions or curtail- 
ment longer than two years may introduce sta- 
tion survival concerns due to  loss of critical con- 
sumables or accumulation of failures that take 
out critical functions. Option B is dependent on a 
predictable and routine access to the station for 
resupply purposes. 

Safety critical software faults include those 

Resources Available to Users 

Each discrete phase represents a performance 
plateau where payloads can operate indefinitely. 
Subsequent phases incrementally increase capa- 
bilities, allowing payload operations to grow in 
magnitude with each addition of volume, power 
and crew resources. Option B represents a core 
station strategy with provisions for evolution and 
growth as warranted by the results of early 
research and their application to national 
priorities. 

Option B achieves the Power Station in two 
flights. At that time an orbiter and/or Spacelab 
could dock a t  the station and conduct research in 
life sciences, material sciences, or applied tech- 
nologies. These missions could take place up to  
two times for Spacelab per year with duration up 
to 20 days, dependent on the unique require- 
ments of each mission. In addition, payloads 
attached to the station truss structure could 
operate continuously following the orbiter's 
departure. These external attached payloads 
could be serviced, or changed out, with each 
orbiter visit. This scenario would allow the 
Power Station to  sustain constant research oper- 
ations in areas such as Earth observation, atmos- 
pheric monitoring, radiation and particle charac- 
terization, and materials exposure. During the 
Power Station phase, the station could provide 
up to 8 kW of power in support of both the 
Spacelab payloads and the external attached 
payloads. 

adds a United States laboratory with 13 
International Standard Payload Rack positions 
and three nonstandard payload locations. These 
positions could support a permanent payload 
presence on-orbit for basic and applied research. 
All positions fall within the range of one to  three 
microgravity and maintain the 0.2 microgravity 
directional stability by holding a local-vertical 
and local-horizontal flight attitude. These condi- 
tions allow a high-quality environment for micro- 
gravity sensitive research. This provides up to 
13 kW (8.5 kW with a 20-day mission) to sustain 
high power payload operations in areas like 
semiconductor and electro-optical crystal growth. 
A Ku-band communications system allows up to 
43 Mbps of downlink telemetry, including a dedi- 
cated video channel. 

The United States laboratory payload vol- 
ume represents a 100 percent increase over 
Spacelab payload volume, thus supporting con- 

The Human Tended Capability configuration 

~~ 
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current operation of life sciences, material 
sciences, and applied technology payloads during 
both crew-tended and ground-tended periods. 
The Human Tended Capability performance 
plateau adds continuous pressurized payload 
operations to the continuous external attached 
payload operations capability established by the 
Power Station plateau. The ability to conduct 
long-duration orbiter missions to the Human 
Tended Capability configuration remains, but no 
longer needs a Spacelab in the orbiter cargo bay. 
The United States laboratory provides all the 
necessary utilities, and the orbiter capability is 
more effectively used to deliver research sam- 
ples, specimens, consumables, and payload 
orbital replacement units. These utilization flight 
missions could take place up to four times per 
year and be tailored to unique mission objectives 
and national priorities. 

The International Human Tended Capability 
phase provides research opportunities for the 
international community. Both the Columbus 
Attached Pressurized Module and the Japanese 
Experiment Module are added, thus increasing 
total payload volume to 46 rack sites, with 30.5 
allocated to United States investigators. In addi- 
tion, the Japanese Experiment Module includes 
an Exposed Facility that provides 10 more sites 
for external attached payloads, with five allocat- 
ed to United States investigators. 

The increase in payload accommodations bal- 
l ances a commensurate increase in payload power 

from 13 to 45 kW through the addition of a sec- 
ond and third photovoltaic array. The buildup of 
the port truss also shifts the station center-of- 
mass toward the United States laboratory thus 
increasing the number of racks in the one micro- 
gravity environment. This configuration could 
now support concurrent, continuous research 
operations in all three laboratories plus external 
payloads on the truss and the Japanese 
Experiment Module and Exposed Facility during 
both the crew-tended and ground-tended periods. 
Up to four extended duration missions per year 
could augment the International Human Tended 
Capability in a similar mode to the Human 
Tended Capability configuration. 

The Permanent Human Capability phase 
includes the addition of a habitation module and 

on-orbit for periods up to 90-days with assured 
crew return in the event of a major system fail- 

Human Capability configuration supports four 

~ 

, 
I the necessary crew systems to sustain human life 

ure or crew health emergency. The Permanent l 

permanent crew members in periodic duty rota- 
tions with two crew dedicated to payload opera- 
tions. At this phase, scientists can continuously 
pursue a wide variety of research tasks with 
human interaction to ensure maximum 
productivity. 

Three additional attached payload sites (two 
on the truss, one on the Columbus Attached 
Pressurized Module) bring the total to 15, cover- 
ing ram, wake, zenith and nadir viewing. The 45 
payload rack sites each include standardized 
power, data and fluid services to minimize pay- 
load integration cost and complexity. All pay- 
loads have connectivity to an automated teleme- 
try patch panel with a total downlink bandwidth 
of 48 Mbps. The capability at each phase is  
shown in F i y r e s  64 through 67. The microgravi- 
ty environment a t  each phase is provided in 
Figures 68 through 70. 

Option B can maintain the Permanent 
Human Capability configuration without future 
growth. Growth ports are available at the nodes 
if a dedicated volume for a large diameter life sci- 
ence centrifuge operation is required instead of 
the 1.8 meter version accommodated by the 
United States laboratory. Video uplink, high-def- 
inition video on-orbit, and video compression for 
the downlink could be accomplished through sys- 
tem upgrades. 

Accommodation of International 
Partners 

Option B fulfills the Intergovernmental 
Agreement and Memoranda of Understanding 
commitments to all of its International Partners. 
The equipment and hardware provided to the 
International Partners does not change. 
Option B retains the location and design of the 
International Partner elements, the resources 
provided to the International Partners, the inter- 
faces between NASA and International Partner 
elements and the International Standard 
Payload Rack interface. 

With Option B, the International Partner 
elements and operational framework remain con- 
sistent with existing United States commitments 
and the expectations of the partners to be mean- 
ingful, valuable components of the program. The 
Canadian Space Agency’s robotic systems contri- 
butions remain essential to the assembly and 
maintenance of the station. The European Space 
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Paybad mass delivered to orbit through Permanent Human Capability 

Figure 67 
Payload racks delivered to orbit through Permanent Human Capability 
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Figure 69 
Option B microgravity performance for International Human Tended Capability 
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Agency’s Columbus Attached Pressurized Module 
and the National Space Development Agency of 
Japan’s Experiment Module provide more than 
two-thirds of the available internal user racks. 

Option B maintains the previously agreed 
on-orbit physical interfaces and functional archi- 
tecture, the international intersite deliverable 
agreements, and the basic multi-lateral opera- 
tional structure of the station. While Option B 
does not provide a unique Space Station Control 
Center and Payload Operations Integration 
Center as specified in the Memoranda of 
Understanding, the consolidation of these func- 
tions in the existing the Mission Control Center 
and Payload Operations Control Center, respec- 
tively, complies with Memoranda of 
Understanding intent. 

Option B does not utilize advanced solid 
rocket motors to launch the Japanese 
Experiment Module and the Columbus Attached 
Pressurized Module. This is an issue because, 
even with off-loading as much as possible from 
these modules, current module weights are in 
excess of Shuttle capabilities to deliver them to 
the required orbital inclination without the 
advanced solid rocket motors. Either a schedule 
slip, an acceleration of the advanced solid rocket 
motor availability, or a change of altitude for the 
delivery of the Space Station will be required. If 
weights are reduced so the Shuttle can accommo- 
date the off-loaded modules, additional outfitting 
flights are still required for the National Space 
Development Agency and the European Space 
Agency to provide their laboratories with “com- 
plete basic functional outfitting” as specified in 
the Memoranda of Understanding. 

Growth Capability 

After achieving Permanent Human Capability, 
the assembly process may continue toward an 
eight person crew capability. As defined in the 
International Partner agreements, this milestone 
would include a fourth photovoltaic module to 
provide a total of 75 kW of power, and the habi- 
tation and crew return functions required to  sup- 
port an eight person crew. Other modular ele- 
ments may be added to increase utilization capa- 
bilities, reduce logistics demand and provide a 
base for servicing free-flyers. Some of the post- 
Permanent Human Capability increased capabil- 
ity could include a second United States labora- 
tory, nodes 3 and 4, a second cupola, a centrifuge, 

300 megabits per second data downlink capabili- 
ty, closed loop oxygen, ultra-pure water, resisto 
jets and waste gas collection, and traffic manage- 
ment capability. These additions are largely 
independent of each other, and can be incorporat- 
ed as utilization priorities, funding capabilities, 
and advanced technologies permit. None of these 
additions are included in the costs for Option B. 

Option Specific Operations 

Flight and Ground Operations 

Option B makes use of the basic set of operation 
facilities and teams used in the baseline pro- 
grams. Cost reduction related to reduced team 
sizes, planning templates etc. are the same as  
discussed in the Operations section of this report. 
The key flight design feature that enables these 
reductions is the 24-hour “safe mode” implement- 
ed in the critical flight avionics systems. Flight 
operations are supported by the Space Station 
Control Center, Payload Operation Integration 
Center, training center and the appropriate 
staffing as reduced in the cost reduction. The 
Space Station Processing Facility is used to 
ground process all flight hardware going to the 
Space Station. Installation is at the launch pad. 

Logistics and Utilization Flights 

The Space Shuttle is the baseline to deliver con- 
sumables, such as  propellant, cryogenic oxygen 
and nitrogen, and crew supplies, as well as pay- 
loads and spare parts. Utilization flights during 
the assembly sequence carry both payloads and 
consumables. Option B provides three utilization 
flights per year prior to Permanent Human 
Capability. Figure 7 1 summarizes the utilization 
and logistics flights for Option B. As in the Space 
Station Freedom baseline, Option B requires five 
Space Shuttle flights per year after Permanent 
Human Capability using the advanced solid rock- 
et motors. One or two additional flights would be 
required if these motors are not available. 

Option B adds three logistics flights to the 
assembly sequence. Option B delayed Permanent 
Human Capability until the year 2001, adding in 
a ninth utilization flight. Higher drag from 
increased atmospheric density during the peak of 
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Figure 71 
Option B utilization and logistiics manifest 

the solar cycle results in additional propellant in 
1999 and 2000 and a logistics flight, L1. 

Maintenance and Spares 

The maintenance strategy for Option B is the 
same as the Space Station Freedom baseline. 
The maintenance concept relies largely on the 
optimum design of the full robotics system: the 
Mobile Servicing System, including mobile trans- 
porter, to perform the external maintenance. The 
primary approach to  on-orbit maintenance is 
orbital replacement unit removal and replace- 
ment. On-orbit repair will only be performed 
after consideration of safety, systems operations 
requirements, availability of resources needed, 
and cost. Prior to Permanent Human Capability, 
the orbiter crew will perform all maintenance. 
The availability of spares and crew time limit 
maintenance resources available prior to 
Permanent Human Capability. There is a risk 
that extra time may have to be spent on assem- 
bly or utilization flights for maintenance or 
repair of critical systems. Prioritization of main- 
tenance tasks will consider many factors, but pri- 
marily time criticality and function. Hardware 

failures will not generally result in immediate 
maintenance actions, especially if the functions 
affected are low priority or extravehicular activi- 
ty maintenance tasks. A sufficient backlog of 
tasks fill an entire extravehicular activity period, 
thus maximizing inefficiency. 

Schedule 

The 20 flight assembly sequence to 28.8 degrees 
begins with first element launch in October 1997 
and proceeds toward Power Station and Human 
Tended Capability in December 1998. Option B 
optimizes the phasing of equipment between first 
element launch and Human Tended Capability 
for stage integration and testing a t  Kennedy 
Space Center. All of the Canadian elements are 
delivered to  orbit in 1998. With the exception of 
the habitation module, almost all of the United 
States nonrecurring development ends by 1998. 
The remaining equipment required after Human 
Tended Capability are recurring items. 

The delivery of the International Partner 
pressurized elements (Japanese Experiment 
Module and Attached Pressurized Module) 
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SSF Baseline 

Option B to 28.8’ 

Option B to 5 1 . 6 O  

Figure 72 
Space Station schedule comparisons 

occurs in the year 2000. The phasing of launch 
dates between Human Tended Capability and 
Permanent Manned Capability meets a four 
flight per year rate to permit utilization flights at 
a three per year rate. International Human 
Tended Capability is  achieved in December 2000 
with the installation of the Japanese Experiment 
Module Exposed Facility and Experiment 
Logistics Module. Permanent Human Capability 
is achieved in December 2001. This could be 
accelerated somewhat by the availability of 
advanced solid rocket motors in December 2000. 
Figure 72 shows a comparison of the Option B 
flight schedule for both 28.8 degrees and 51.6 
degrees inclination against the current Space 
Station Freedom baseline. Option B has consid- 
erable flexibility t o  28.8 degrees but not to 51.6 
degrees inclination, since first element launch is 
paced by the availability of the aluminum lithi- 
um external tank. 

porates a slip from the current Space Station 
Freedom baseline to accommodate a significant 
funding decrease. The schedule for design 
reviews can follow the current Space Station 
Freedom baseline, with follow-on critical design 
reviews to accommodate any modifications made 
to systems, such as communication and tracking 
and data management system. 

In summary, the schedule for Option B incor- 

Space Station Freedom 
Requirements Not 
Incorporated 

Option B Permanent Manned Capability configu- 
ration satisfies all functional requirements of the 
Space Station Freedom program Requirements 
Document and Space Station Freedom Program 
Definition and Requirements Document with 
only the following exceptions: (a) the microme- 
teroid environment requirements can be met 
with modifications once analysis is complete, and 
(b) the Program Definition and Requirements 
Document logistics flights of five per year were 
assumed with advanced solid rocket motors. 
Option B would require six without availability 
of the advanced solid rocket motors. Space 
Station Freedom requirements related to the 
Memoranda of Understanding and 
Intergovernmental Agreement with the 
International Partners are discussed in the sec- 
tion “Accommodation of Internationals.” With the 
exception of schedules, all functional require- 
ments of the International Partners are accom- 
plish ed. 
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Option C 

Introduction 

Option C represents the most obvious departure 
from the Space Station Freedom baseline design. 
This approach simplifies on-orbit assembly 
issues and entails a single launch to achieve an 
initial operating capability. The design allows 
for the placement of a fully integrated 26,000- 
cubic-foot Space Station into low Earth orbit at 
an altitude of 220 nautical miles at inclinations 
of either 28.8 degrees or 51.6 degrees. 

Option C is a derivation of many years of 
work at both the Johnson Space Center and the 
Marshall Space Flight Center. A considerable 
portion of the concept is based on using known 
and proven Space Shuttle systems and facilities 
that are readily available and in place. A Space 
Station concept similar to  Option C has previ- 
ously been studied at the Johnson Space Center. 

development work done for the Space Station 
Freedom program. Some 47 percent of 
Option C's subsystems, for example, are based 
on Space Station Freedom designs. Moreover, 
most of the Space Station Freedom components 
retained for this concept are already well into 
development. 

Option C will be launched on a Space 
Shuttle-derived vehicle, a concept NASA first 
began studying in 1975. These studies matured 
during the 1980s into the Shuttle-C concept ("C" 
for cargo). The definition studies concluded in 
199 1 with production of a full-scale engineering 
development unit. Complete wind tunnel testing 
of ascent aerodynamics (through Mach 5.01, 
aerothermodynamics, and flight mechanics 
analysis and testing were completed on a wide 
range of configurations. 

degree of confidence to  the Option C launch 
approach. And since it builds on Space Shuttle 
systems, much of the experience gained during 
almost 60 launches of the shuttle is directly 

The design takes advantage of much of the 

This large body of previous work adds a high 

applicable to the Option C launch phase. In fact, 
since the Option C design does not have wings or 
a vertical tail complicating the aerodynamic flow, 
it has the potential to  be a "better flyer" than a 
shuttle orbiter. 

Because it is based extensively on Shuttle-C 
and Space Shuttle data, the process and method- 
ology for c e r t i ~ n g  Option C for launch are well 
understood. The Option C launch configuration 
falls completely within the flight envelope 
already identified during Shuttle-C definition 
studies. In the areas of ascent design and propul- 
sion, a large amount of Space Shuttle data, tools 
and personnel skills are directly applicable to 
Option C. 

Option Specific Requirements, 
Guidelines and Constraints 

Unique guidelines for Option C are to: 

1. 

2. 

3. 

4. 

5. 

6. 

Utilize a Space Shuttle-derived launch vehi- 
cle for the initial launch. 

Retain all aspects of the Space Shuttle 
launch ascent flight control system (equip- 
ment and software). 

Retain all features of the Space Shuttle main 
propulsion system. 

Retain the structural attach locations 
between the single launch core system and 
the Space Shuttle external tank. 

Minimize impact to  Kennedy Space Center 
launch facilities. 

Take maximum advantage of previous NASA 
and contractor studies on Space Shuttle-C 
and large volume, single launch space station 
concepts. 
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7. 

8. 

9. 

Eliminate extravehicular activity for assem- 
bly and minimize extravehicular activity for 
maintenance. 

Minimize the number of components located 
outside the pressurizedwolume. 

Take advantage of the orbiter being the 
Space Station’s logistic vehicle: 

Common spares 
Infrastructure of equipment, software, 
facilities and operations 
Experience base of equipment, 
documentation and personnel 

Mutual sharing for cornponenilsystem 
upgrades. 

10. Minimize core overheads. 

11. Maximize user capabilities. 

Description of Concept 

External Configuration 

Option C is an integrated launch system. The 
launch configuration includes the single launch 
core station with orbiter aft fuselage, a transition 

section for adapting the aft fuselage geometry to 
the core module, and aerodynamic fairings (e.g., 
shroud, nose cone) mated with the standard 
Space Shuttle external tank and standard 
redesigned solid rocket boosters for the 28.8 
degree orbit inclination. The interfaces between 
the external tank and the orbiter are used for 
mounting the single launch core station flight 
assembly to the external tank. The launch config- 
uration is shown in Figure 73. 

The aft fuselage is the standard orbiter aft 
fuselage, modified to remove the tail surface, the 
orbital maneuvering system pods and the active 
body flap. The standard complement of ascent 
avionics in the aft avionics bay is retained, as are 
the majority of the subsystem components of the 
main propulsion system, including the main 
engines, auxiliary power units and hydraulic sys- 
tems. 

tural attachment from the aft fuselage to the 
core module. I t  transfers the axial load and vehi- 
cle bending moments from the core module to the 
aft fuselage. 

The Option C core module serves as the pres- 
surized volume for the orbiting station and also 
serves as part of the launch vehicle taking all the 
ascent loads required to  achieve orbit. The on- 
orbit pressurized portion is 22 feet in diameter 
by 64 feet long, with 10 feet unpressurized equip- 
ment bays on each end; total length is 92 feet 

The transition section is the primary struc- 

Separation Plane Station-to-AH Fuselage 

Aft Fuselage 
Thrust Struoture 
w/ 3 Spare Shuttle Maine Engines \ 

Shroud 

Nose Cone 
Separation Plane 

Nose 
Cone CORE ELEMENT 

1 
AH External Tank Separation 

Fornard External Tank Separation 

Figure 73 
Option C launch configuration 
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with docking module extensions. Externally, the 
station has four nonarticulating solar array 
wings; body-mounted and deployed radiators; 
Space Shuttle and Russian Soyuz docking ports 
on each end; two berthing ports for the Soyuz 
assured crew return vehicle; five radial berthing 
ports to accommodate the pressurized logistics 
modules and International Partners; and six 
observation windows. The Space Station 
Freedom photovoltaic arrays have been 
redesigned to close the gap between the blankets 
to provide better external viewing for the 
Japanese Experiment Module and the Columbus 
Attached Pressurized Module. The common 
berthing mechanisms that will be used to attach 
these modules employ the Space Station 
Freedom design, with minor modification. The 
core module, with the S o y  assured crew return 
vehicle and the Canadian Space Station Remote 
Manipulator System, is shown in Figure 74. The 
core module with the Columbus Attached 
Pressurized Module and the Japanese 
Experiment Module is shown in Figure 75. 

1 

Additional power generation capability will 
be obtained by adding a power module assembly 
to  the forward end of the vehicle, as shown in 
Figure 76. This power module assembly, to be 
delivered by the Space Shuttle, will be added to 
the Space Station shortly after the Columbus 
Attached Pressurized Module and Japanese 
Experiment Module and will achieve Permanent 
Human Capability. 

The primary structure of the core module is 
constructed of seven integrally machined cylin- 
ders attached by means of a welded ring between 
each. On each end is a conical end welded to the 
cylinder to form the pressurized volume. This 
primary structure has the openings required for 
the berthing ports and windows. I t  is made of 
2219 aluminum alloy using standard aerospace 
structural design and manufacturing techniques. 
The major structural elements are shown in 
Figure 77. 

Space Station Freedom or Space Shuttle compo- 
nents. Of Option C’s 212 subsystem orbital 

Most subsystems are derived from existing 

Global 
Positioning 
System 
Antenna 

Ku-Band 

Antenna \ \ 

Space Station Remote 
Manipulator System 

Figure 74 
Option C Permanent Human Presence Capability 
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soyuz 

Japanese / 
Experiment , 
Module 

Space Station /- \ -  Attached 

Remote Manipulation Pressurized 
System Module 

Figure 75 
Option C with internationals 

Figure 76 
Option C Permanent Human Capability 
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Circumferential We 

Nose Cone 

Forward External 
Tank Attach fling 

Pressure Vessel 

Stringers and 
Mechanical Rings 

\ Transition fling 

Figure 77 
Option C major structural elements 

replaceable units and major assemblies, 47 per- 
cent are Space Station Freedom designs, 37 per- 
cent are existing orbiter systems, and 16 percent 
are new designs. Those items which are new 
developments, however, are similar to  Space 
Shuttle or systems developed in other NASA pro- 
grams. For example, the core pressurized module 
is a similar design to  that  of the external tank; a 
significant amount of the existing tooling, fix- 
tures, and ground support equipment can be 
used for its manufacture. 

In terna I Configuration 

Internally, the 26,000 cubic feet of pressurized 
volume are divided into seven decks. The large 
diameter of the pressurized primary structure 
allows the incorporation of a six-meter cen- 
trifuge. The Space Station core module can be 
outfitted with 75 racks, 40 of which are available 
for users. Option C uses the Space Station 
Freedom designed International Standard 
Payload Racks. 

wall attachments, floors, handholds, and rack 
The secondary structure consists of rack-to- 

utility supports. These are standard structural 
items developed during previous spacecraft pro- 
grams. To reduce the weight of secondary struc- 
tures, appropriate subsystem components are 
mounted on the module walls and end cones 
without racks. Utilities are routed end-to-end in 
cableways between the racks on the module’s 
wall and dispersed to individual decks in circular 
rings above the racks. The internal configuration 
is shown in Figure 78. Subsystem and rack lay- 
outs are illustrated in Figures 79 and 80. 

Mission Considerations 

Orbital Inclination 

The Option C configuration is launched without 
a crew to  an inclination of 28.8 degrees (with an 
option of 51.6 degrees) and an altitude of 220 
nautical miles. The 51.6 degree inclination is 
consistent with the intent to  provide alternative 
access. It also provides more coverage for Earth- 
viewing payloads. Table 27 compares the capa- 
bilities of Option C at  either inclination. 
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84'-0' 

1 

Deck Accommodations 

Deck 1: Core Systems 
Deck 2 Habitation 
Deck 3: laboratory (Medical Sckncm) 
Deck 4 Berthing Ports, Crow H d t h  C.n Syswm 
Deck 5: laboratory (Mlcrogravlty) 
Deck 6: Laboratory 
Deck 7: Core Systems, Comumrbtes Stowage 

75RllckCapaMiity 

6 User Rllcks Provlck On lnltbi Launch 

Furnace, Centritugs and 2 Refrigerator I Freezers 
Provided to Users 

6 Earth Observation or Vkwlng Windows 

Figure 78 
Option C internal configuration 

Orbital Environment 

The design reference for Option C micromete- 
oroid environment is for the 51.6 degree orbit, 
which is approximately 15 percent more severe 
than the environment at the 28.8 degree orbit. 
Option C core station probability of no penetra- 
tion during the 10-year life is .955. 

Flight Modes and Propellant Utilization 

Option C can fly in three flight modes for opti- 
mum performance: solar inertial, which provides 
the maximum power; local-vertical with the X 
axis into the velocity vector; and local-vertical 
with the Y axis into the velwity vector, which 
provides the optimum microgravity environment. 
All three modes are controllable by control 
moment gyros. The propellant system is a back- 
up to the control moment gyros, but no propel- 
lant is required for nominal attitude control. The 
guidance, navigation, and control suljsystem pro- 
vides an active momentum management system 
using gravity gradient torque to control and 

maintain total momentum, while controlling atti- 
tude and minimizing use of replenishable con- 
sumables. It also provides stable attitude control 
down to a minimum of 150 nautical miles and 
state vector prediction during Global Positioning 
Satellite nonacquisition times. 

Orbit circularization, reboost and backup 
attitude control is performed with the bipropel- 
lant propulsion system. Following external tank 
and transition section separation maneuvers 
after launch, the propulsion system is required to 
provide 1,764,000 pounds-foot per second total 
impulse to circularize the orbit. The system 
requirement for reboost is 1,425,000 pounds-foot 
per second per year. The attitude control require- 
ment is 75,000 pounds-foot per second per year. 

Approximately 3,500 pounds of monomethyl- 
hydrazine and nitrogen tetroxide can be loaded 
into the Space Shuttle orbital maneuvering 
tanks for transfer to the Space Station during a 
typical rendezvous mission with no extravehicu- 
lar activity required. Because the yearly propel- 
lant budget for reboost and attitude control is  
approximately 6,000 pounds, resupply of the 
Option C dropellant tanks will be required up to 
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THC - Temperature 6 Humidity Control 
At? - Atmosphere Revitalization 
ITCS - Internal Thermal Control System 
WF - RefrigeratorFreeter 
WS - Workstation 

Figure 79 
Option C rack layout 
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THC - Temperature 6 Humidity Control 
AR - Atmosphere Revitalization 
ITCS - Internal Thermal Control System 
WF - RefrigeratorlFreerer 
WS - Work Station 

DECK 5 
(LABORATORY) 

DECK 7 
(SUBSYSTEM) 

Figure 80 
Option C rack layout 
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Table 27 
Option C - single launch core station 

Orbit inclination comparison 

Item 

Option C Launch to Orbit 
Performance 
User Racks Capability 
Core Vehicle at Launch 
Logistics Requirements 
Press Logistics Carriers 
Required 
Launch Window from Kennedy 
Space Center 
Alternate Launch Access 
Vehicles 
(Human) 
Power Generation (Solar 
[nertiaVLocal Vertical) 
4 wings 

- Zero Beta 
- Average shade orbit 

- Zero Beta 
- Average shade orbit 

6 wings 

[nternational Partners Delivery 

3oyuz Delivery 

3arth Coverage 

51.6" 

190,400 pounds 

6 racks 

5 flights per year 
Mini-pressurized logistics 
module 
5 minutes 

Russian Launch Vehicle 

54.6128.4 k W 
6 1.314 7.3 k W 

68.4139.1 kW 
64.9154.9 kW 
Japanese Experiment Module 
(to be determined) and Attached 
Pressurized Module 
(Downsized) 
Launched from Russia (by 
cosmonauts) 

78 percent 

2&8" 

194,300 pounds 

6 racks 
~~ 

5 flights per year 
~~~ 

Mini-pressurized logistics 
module (stretched) 
55 minutes 

None 

55.4128.7 kW 
57.6134.2 kW 

68.4139.4 kW 
6 2.9146.5 k W 
Japanese Experiment Module 
and Attached Pressurized 
Module (off-loaded) 

Space Shuttle or Ariane 

48 percent 

twice per year. However, when the Space Shuttle 
docks with the aft end of the core module, any 
excess Space Shuttle propellant can be trans- 
ferred to the propulsion system. Sufficient pro- 
pellant is kept on board so that the Space Station 
can survive two years without resupply. 

Rendezvous Approach 

Option C utilizes conventional shuttle ren- 
dezvous and approach techniques for orbiter vis- 
its. When flying in the local-vertical mode with 
the Space Station X-axis aligned along the v-bar, 
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the Space Station is in the optimum attitude for 
orbiter approach and docking. This attitude can 
be held with either end of the station forward, 
depending on the desired docking location. This 
is significant because items at both ends of the 
vehicle require periodic maintenance and 
replacement. 

the fact that neither the solar arrays nor the 
radiators articulate in a way that requires they 
be repositioned to permit docking. In their fixed 
position, edge-on to the plumes of the approach- 
ing orbiter, the solar arrays receive minimum 
effect from the plumes. Since the loads generated 
by the current orbiter primary thrusters exceed 
the strength capability of the array masts, 
Option C includes modification of the orbiter atti- 
tude control thrusters that allow maneuver and 
control of the orbiter during docking without 
imposing unacceptable loads on the arrays. The 
radiator panels and mechanisms are designed to 
accept loads produced by the attitude control sys- 
tem. Loads on the radiator panels also are 
reduced by their edge-on orientation to  the 
plumes. 

Docking loads are well within the load carry- 
ing capability of the Space Station. Using worst- 
case contact loads (the loads for which the dock- 
ing system is designed), the solar array masts 
and other hardware are within their design mar- 
gins. 

The Option C design also maximizes the 
probability of the orbiter's ability to dock to the 
Space Station should a total loss of attitude con- 
trol function occur. Option C has a gravity gradi- 
ent attitude that should avoid the buildup of 
large rates of motion that would preclude orbiter 
docking. 

Docking capability is further enhanced by 
I 

Assembly Scenario 

The Option C core module is launched into a cir- 
cular 220 nautical mile orbit at an inclination of 
28.8 degrees. Using the standard external tank 
and redesigned solid rocket booster, the payload- 
to-orbit capability to 28.8 degrees is 194,300 
pounds (payload-to-orbit capability to 51.6 
degrees is 190,400 pounds). Option C requires no 
on-orbit assembly to provide human presence 
capability. After first launch, Option C provides a 
functioning Space Station able to  conduct select- 
ed user experiments. 

After the core module is launched, pyrotech- 
nic devices separate the launch-affiliated compo- 
nents, including the solid rocket boosters, 
shroud, external tank, nose cone, aft hselage 
and transition section that are not needed for on- 
orbit station use. A sequence in the flight soft- 
ware sends commands to the motor control 
assemblies at the proper time to deploy the radi- 
ators. 

Space Station activation occurs after orbit 
circularization, at which point the solar arrays 
and Ku-band antenna are deployed into their 
permanent positions, and the flight control sys- 
tem is activated. Space Station subsystems are 
initialized before transferring control to the 
ground. The launch sequence is shown in 
Figure 81. 

Once on-orbit, a Space Shuttle crew can 
occupy the Space Station on the first visit. This 
early visit will serve as a shakedown mission to 
verify proper performance of vehicle and payload 
support systems, to install the remaining batter- 
ies, and to deliver one of the two required Soyuz 
assured crew return vehicles. 

At the 28.8 degree inclination, the orbiter is 
used to deliver both Soyuz assured crew return 
vehicles, which are installed using the Space 
Station Remote Manipulator System. The orbiter 
also is used to return a Soyuz to the ground for 
refurbishment. (For the 51.6 degree inclination, 
Soyuz spacecraft are delivered by a Russian 
launch vehicle.) No extravehicular activity is 
required for the installation of the assured crew 
return vehicles. 

The Japanese Experiment Module and 
European Columbus Attached Pressurized 
Module are brought to  the Space Station by the 
Space Shuttle and installed using the Space 
Station Remote Manipulator System. The mod- 
ules are berthed to common berthing mecha- 
nisms located at the lateral ports on deck four of 
the core module. All power and utility connec- 
tions are located inside the pressurized volume 
and no extravehicular activity is required for 
assembly. The Japanese Exposed Facility and 
Experiment Logistics Module also are installed 
using the Space Station Remote Manipulator 
System and the Special Purpose Dexterous 
Manipulator. 

bly will be delivered by the Space Shuttle after 
the international modules are on-orbit. The 
orbiter will dock on the forward end docking port, 

The third photovoltaic power module assem- 
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2. Solid Rocker Booster Separation 
3. External lank Separation 
4. Shroud Jettison 
5. N o s e  Cone JeMson 
6. Aft Fuselagellransition Jettison 
7. Radiator Deploy 
8. Clrcularhatlon Burn 
9. Solar Array Deployment 

Figure 81 
Launch sequence 

and the Space Station Remote Manipulator 
System will remove the power module assembly 
from the orbiter payload bay. While the Space 
Station Remote Manipulator System is holding 
the power module assembly, the orbiter will 
undock from the forward end docking port and 
re-dock to the aft end docking port. The power 
module assembly will be permanently installed 
by the Space Station Remote Manipulator 
System. The required fluid and electrical lines 
will be connected by extravehicular activities. 

Systems Description 

Structures and Mechanisms 

The mechanical systems required on Option C 
include the radiator deployment mechanism, 
orbiter and Soyuz docking ports, Soyuz berthing 
ports, common berthing mechanisms, attach- 
ment systems for cryogenic carriers and exterior 

payloads, power data grapple fixtures and the 
antenna deployment mechanism. 

The radiator deployment mechanism deploys 
thermal control system radiator panels, which at 
launch are stowed wrapped around the exterior 
of the launch vehicle. The deployment mecha- 
nism is a new design but makes use of many 
existing orbiter radiator panel deployment and 
payload bay door drive system components. 

Two axial ports at the forward and aft ends 
of the vehicle provide docking capability for both 
the orbiter and Russian Soyuz vehicles. Current 
orbiter and Mir type docking ports minus the 
attenuation systems will be used. The addition of 
the Russian radar allows for docking of 
unmanned vehicles. Two ports are provided to 
allow Soyuz to be berthed. These berthing ports 
are a derivative of the passive Russian docking 
interface. 

The Option C common berthing mechanism 
design is based on the common berthing mecha- 
nism designed for Space Station Freedom. 
Automated controllers are removed, and motors 
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and latch mechanisms are removable to reduce 
the number of orbital replaceable units needed. 

Electrical Power System 

The Option C electrical power system architec- 
ture (Figure 82) is derived from the Space 
Station Freedom design. The Option C power 
system architecture takes advantage of a shorter 
end-to-end system. The Option C approach 
allows the integrated power system to be 
designed, tested and verified on the ground prior 
to launch. 

The electrical power system architecture is a 
12-channel, 123 plus or minus 22 vdc system. 

Each of the 12 channels is composed of a single 
array regulator connected to one-third of a solar 
array wing, a single 90-cell nickel-hydrogen bat- 
tery, and associated distribution hardware. Solar 
array power is provided to the batteries and 
equipment through the array regulator. 
Batteries are connected directly to the primary 
buses that feed all loads. Bus voltage therefore 
varies with battery state-of-charge. Power from 
two channels is distributed through a single 
module distribution unit for a total of six module 
distribution units. Prior to launch, six batteries 
and six array regulators are off-loaded. The 
resulting six channels are formed by closing bus 
crossties in the module distribution units. 
Reconfiguration from six to  12 channels is accom- 

. 

- Load - Load 

---------- 

Corntroller Module 
Load Distribution Unit 

Figure 82 
Electrical power system architecture 
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plished by opening the bus crossties when the 
other six batteries and array regulators are 
installed during the first Space Shuttle visit. 

Station and to the International Partners on 
120-volt buses, converted to 28-volt buses as  
required, as shown in Figure 83. The 120 vdc 
power for the Japanese Experiment Module and 
Columbus Attached Pressurized Module will be a 
regulated 120 vdc, plus or minus three vdc, as in 
the Space Station Freedom Program a t  those 
interfaces. The electrical power system has two 
levels of fault protection. Protection is provided 
for equipment and power faults. 

will be added to the single launch core station 
afier the international modules are on-orbit. 
This power module assembly consists of two 
additional solar array wings, six array regula- 
tors, four batteries, thermal system, utilities and 

Power is distributed throughout the Space 

A third photovoltaic power module assembly 

a docking tunnel system. The resulting electrical 
power systems architecture for the added power 
is shown in Figure 84. 

Thermal Control System 

Thermal control is provided by active and pas- 
sive thermal control systems. The active system 
collects heat by means of coolant loops through- 
out the Space Station and rejects it through radi- 
ator panels mounted on the Space Station. In the 
passive system, thermal protection is provided by 
multilayer insulation, low conductance standoffs 
and reusable surface insulation. 

The active thermal control system architec- 
ture, shown in Figure 85, consists of four exter- 
nal cooling loops that interface with two large 
internal water loops. Each active internal ther- 
mal control subsystem water loop acquires low 

28 Vdc ___-_ .  120 Vdc - 

l r -  

1 I W ' MDU Module Distrihution Unit I LSDU Low Voltage Sccondnty Dist Unit 1 
1 LDU Load Distribution Unit 

1. APM Attached Prcssurizcd Module I 
,-DDCU DC-DC Convcncr Unit 

I 
Figure 83 _ - - - _ _ _ _ _ - I  
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JEM Japancsc Expcrimcntal Modulc 

Electric power distribution 
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Figure 84 
Electrical power system architecture for third photovoltaic wing 

JaDanese Exwriment Module 

Figure 85 
Thermal control architecture 
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temperature and moderate temperature heat 
loads and transfers heat through three parallel 
heat exchangers to two of the external thermal 
control loops. The external thermal control sub- 
system provides the thermal control to both the 
photovoltaic and core-cooling functions. Heat 
acquired from the photovoltaic batteries and core 
station is rejected through forward and aft sec- 
tions of body-mounted and deployable radiator 
panels. 

External Thermal Control Subsystem: 
Single-phase body-mounted and deployable radi- 
ators, and passive heat rejection provide 63.5 kW 
of heat rejection in the solar inertial attitude. 
The active thermal control system supports vehi- 
cle operations in local-vertical attitudes a t  
reduced heat rejection capability (36.4 kW). The 
body-mounted radiators and deployable radiators 
run from each end skirt 34.5 feet along the core 
module separating the maximum radiator capac- 
ity into aft and forward zones. Two external ther- 
mal control subsystem loops share the same radi- 
ator area through dual passages. An additional 
heat rejection of 15 kW is provided as part of the 
power module growth increment. 

Internal Thermal Contrdl Subsystem: Most 
subsystems and all payload racks will be fitted 
with rack flow control assemblies. These manual 
valves isolate users when inactive, but are used 
to set constant flow to operational users. With 
this approach, rack flow control assemblies soft- 
ware can be reduced while still providing remote 
flow adjustment capability. 

The forward internal thermal control system 
pump package located on deck one will provide 
low temperature cooling to subsystems on deck 
one, crew system equipment on deck two, pay- 
loads on decks three and five, temperature and 
humidity control cooling for the International 
Partners on deck four, and the user refrigerator 
and freezers on deck six. The forward internal 
thermal control system also will provide a por- 
tion of the moderate temperature cooling to sub- 
system and payload loads on all seven levels. The 
aft internal thermal control system pump pack- 
age, located on deck seven, will provide low tem- 
perature cooling to refrigerator and freezers and 
subsystems on deck seven, and temperature and 
humidity control cooling for the International 
Partners on deck four. The aft internal thermal 
control system loop will service the remaining 
moderate temperature loads on all seven levels. 

I 

International Partners are supplied low and 
moderate temperature cooling through water-to- 
water heat exchangers connected internally via 
quick disconnects to the International Partners' 
independent water loops. The International 
Partners interface heat exchanger is identical to 
the regenerative heat exchanger design. 

Active Thermal Control System 
Maintenance: The four external thermal control 
system fluid loops are split into starboard and 
port radiator sections to create two pairs of inde- 
pendent radiator zones on each end. In the event 
of a micrometeoroid hit  in a radiator tube, all of 
the fluid in that loop will be lost. However, each 
radiator zone is isolated and can be leak-checked 
via one of four pairs of extravehicular activity- 
operated quick disconnects. When the punctured 
radiator zone is identified, the quick disconnect 
pair for that zone can be disconnected, thus 
allowing the leak-tight portion of the loop to be 
reserviced. 

Passive Thermal Control Subsystem: The 
passive thermal control system provides for ther- 
mal control of Space Station components includ- 
ing the Space Station Remote Manipulator 
System, propulsion system tanks, reboost and 
attitude control thrusters, propellant lines, con- 
trol moment gyros and windows. The passive 
thermal control system also protects Space 
Station components from ascent heating through 
use of advanced flexible reusable surface insula- 
tion derived from the Space Shuttle program. 

propellant tanks, lines, engines, array regula- 
tors, etc.) will be covered with a combination 
micrometeoroid, orbital debris and passive ther- 
mal control system end-cap to minimize heat 
leak. 

Passive thermal control system elements for 
this Space Station differ significantly from those 
under development for the currently baselined 
Space Station Freedom. Current Space Station 
Freedom components do not have to withstand 
the ascent heating environment, so the addition 
of thermal protection system materials to the 
core module represents a new application of 
existing technology. Option C components have 
been moved inside or are located in unpressur- 
ized compartments at either end of the core mod- 
ule. Since these components are not directly 
exposed to the orbital environment, their passive 
thermal control system needs are not as great as 

The end compartments (containing batteries, 
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those on the current baseline Space Station 
Freedom design. The Space Station Remote 
Manipulator System willuse multilayer insula- 
tion and heaters to maintain temperatures with- 
in acceptable limits. Storage locations that will 
minimize make-up energy requirements are 
being evaluated. 

Propulsion System 

The Option C propulsion system will provide the 
required impulse for mated coast attitude con- 
trol, external tank separation, orbit circulariza- 
tion and on-orbit reboost and backup attitude 
control. The external tank separation system 
consists of commercially available Star 6B solid 
rocket motors that were previously used on com- 
mercial satellites. The Space Shuttle orbital 
maneuvering system is used for propellant 
resupply. Most bipropellant components were 
developed in support of the Space Shuttle pro- 
gram or are currently being developed in support 
of Space Station Freedom. 

Orbit circularization and reboost will use a 
combination of six Space Shuttle primary reac- 
tion control thrusters operating in a blowdown 
mode, each producing 1,100 pounds to 690 
pounds of thrust. Attitude control maneuvers 
will be performed with vernier reaction control 
thrusters that  are currently used on the Space 
Shuttle, each thruster producing 31 pounds to 20 
pounds of thrust. 

The Option C propulsion system is a bipro- 
pellant system that is fully integrated with the 
core vehicle. Command and control of the 
thrusters is  provided by the guidance, navigation 
and control system. Rather than developing a 
resupply tanker, propellants are resupplied from 
the orbiter by off-loading monomethylhydrazine 
and nitrogen tetroxide from the Space Shuttle 
orbital maneuvering system into the Option C 
bipropellant tanks. While maintenance for the 
10-year life is not anticipated to be required, spe- 
cific design provisions are provided to enable con- 
tingency extravehicular activity replacement or 
repair of thrusters. Propellant isolation is provid- 
ed to inhibit propellant leakage during removal 
and replacement of thrusters. 

The system incorporates propellant tanks 
currently under development for Space Station 
Freedom with only minor modifications. These 
tanks will initially be loaded with 9,387 pounds 
of propellant and with 35 pounds of helium a t  70 

degrees Fahrenheit and 350 pounds per square 
inch. The maximum tank pressure is limited by 
the maximum thruster inlet pressure. The nomi- 
nal full propellant load after resupply will be 
approximately 4,630 pounds at a tank pressure 
of 250 pounds per square inch and a tank tem- 
perature of 50 degrees Fahrenheit. The system 
schematic is shown in Figure 86. 

The propulsion system consists of five fuel 
and five oxidizer tanks. The ullages of each pro- 
pellant tank set are interconnected for ground 
servicing. Propellant for resupply of the system 
enters the tank through lines that bypass the 
propellant acquisition device. This bypass avoids 
the trapping of pressurant in the device. Ground 
servicing occurs through valves mounted so that 
the system can be filled with propellant external 
to the aft skirt in the launch configuration. 

During or after orbiter docking, automated 
couplings will be connected between the orbiter 
and the Space Station to allow propellant trans- 
fer (no extravehicular activity is required). The 
regulated pressure of the orbital maneuvering 
system will push propellants into the Space 
Station propellant tanks. 

Approximately 3,500 pounds of monomethyl- 
hydrazine and nitrogen tetroxide can be loaded 
into the orbital maneuvering system for transfer 
to the Space Station during a typical rendezvous 
mission. Resupply of the Option C tanks will be 
required approximately twice per year. However, 
when the Space Shuttle docks with the aft end of 
the Space Station, any excess Space Shuttle pro- 
pellant can be transferred to the propulsion 
system. 

Guidance, Navigation and Control System 

The guidance, navigation and control system is a 
two-fault-tolerant system. I t  consists of sensors 
and effectors operating in conjunction with a set 
of applications software residing in the general 
purpose computer. Guidance, navigation and 
control operates as a single-string avionics sys- 
tem on-orbit, with a two-fault-tolerant capability 
provided by cold backup units. The system archi- 
tecture is shown in Figure 87. 

System receivers and processors (provided by the 
communications and tracking system) that sup- 
ply position, velocity and attitude information, 
and three inertial sensor assemblies that provide 
inertial rate data. 

Sensors consist of three Global Positioning 
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Controllers consist of four control moment 
gyros (of which three are normally active) and a 
propulsion package. The control moment gyros 
are mounted in the forward skirt with their 
respective electronics assemblies mounted inside 
the pressure vessel for ease of maintenance. 
Control moment gyros provide coasting flight 
attitude control through the manipulation of 
stored angular momentum. Primary reaction 
control system jets are used to perform the 
reboost maneuver. The vernier reaction control 
system is commanded, as required, to desaturate 
the control moment gyros and for attitude control 
during docking maneuvers and reboost. The 
orbiter reaction jet drivers will be reconfigured to 
accommodate the Space Station thrusters. A 
thruster interface unit is provided to allow 
redundant thruster commands to be processed. 

Option C software makes maximum use of 
existing Space Shuttle software and will be aug- 
mented with Space Station-unique functional 
requirements. 

Integrated Avionics and Da ta  Management 
System 

Option C avionics use a single integrated archi- 
tecture. The integrated avionics is channeled into 
control domains rather than being partitioned 
along subsystem boundaries. The design mini- 
mizes coordination required between control 
domains in these ways: 

Thermal control system provides on- 
demand heat rejection. 
Electrical power system provides on- 
demand power. 
Systems manage their own resources, 
such as  power distribution and redun- 
dancy management. 
Systems degrade in stages. 

The integrated avionics based on Space 
Shuttle and Spacelab equipment, allowing the 
use of common vendors, test facilities, logistics, 
training, and control centers. Much of this equip- 

I 
ment has already undergone technology 
upgrades and plans are in place for further 

Option C can take advantage of these upgrades 

I 
upgrades to support the Space Shuttle program. 

as they become available. Most of these compo- 
nents also have an excellent demonstrated mean 
time between failure. For example, the General 

I 

I 

Purpose Computer has a demonstrated mean 
time between failure of approximately 50,000 
hours. 

The integrated avionics provides the compu- 
tational and data distribution functions, commu- 
nications functions, and sensor and effector func- 
tions necessary for the Space Station to perform 
in the five distinct phases: ground checkout, 
prelaunch checkout, ascent, circularization and 
operation on orbit. 

rules for Option C are identical to those for the 
orbiter. During ground checkout, the integrated 
avionics are checked out and monitored. During 
prelaunch checkout (from the loading of the 
ascent software at T-20 minutes until launch), 
the engines and integrated avionics receive final 
checkout. During ascent, the integrated avionics 
executes the guidance, navigation and control 
ascent control laws and maintains telemetry 
downlink from launch to main engine cutoff 
using a parallel-redundant computer architec- 
ture. 

Before firing the circularization engines, the 
data management system initializes a separation 
sequencer that jettisons the boattail and 
shrouds, and deploys the thermal control system 
radiator. During the burn, the data management 
system executes the guidance, navigation and 
control circularization control laws. 

The orbital phase begins after circularization 
and continues through the Space Station’s life- 
time. In this phase, the computers are configured 
as a two-fault-tolerant architecture with one 
active computer and two inactive spares. The 
computational systems software executes the 
orbital function of communications and tracking, 
environmental control and life support system, 
electrical power system, guidance, navigation 
and control, and thermal control system. The 
integrated avionics architecture is shown in 
Figure 88. 

provides the computational and data distribution 
functions of the integrated avionics. The core 
computational element of the data management 
system consists of three Space Shuttle general 
purpose computers operated as a single-string 
centralized system for orbital operations with an 
autonomous two-fault-tolerant capability provid- 
ed by inactive backup units. These same three 
general purpose computers used for the ascent 
and circularization are configured for multi-unit 
continuous operation with on-line voting and 

Prelaunch processes and application of flight 

The orbital phase data management system 
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Avionics architecture (command and control and data) 

fault masking. The fault tolerance is implement- 
ed with independent external monitoring devices. 
A general purpose computer initialization unit 
serves as the external monitor and provides 
automated switching of computers for purposes 
of failure management. 

The general purpose Fomputers communicate 
with measurement, command and control devices 

SpaceLab 
MUX. 1 

through distributed Space Shuttle multiplexer/ 
demultiplexers and corresponding data signal 
conditioners. Space Shuttle mass memory units 
provide the core system with code and data 
retention capability. Core display and user input 
are incorporated with Space Shuttle systems and 
software from the multifunction electronics dis- 
play system. 
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The digital downlink capability is imple- 
mented with the Space Shuttle components. 
These digital downlink units have selectable, 
predefined format collection and output. The dig- 
ital downlink capability for a payload system is 
incorporated with the Spacelab’s multiplexer 
function, interfacing with a Space Shuttle- 
derived Ku-band signal processing system. All 
digital uplink is received by the active general 
purpose computer computational string, and pro- 
cessing of uplink data will reside within that 
general purpose computer. 

The payload data management system pro- 
vides dedicated resources to payload users, 
including a Space Shuttle general purpose com- 
puter, displays and keyboards, multiplexer and 
demultiplexers, high-rate data downlink and 
recording, and general purpose computer recon- 
figurable table-driven payload software that pro- 
vides a standard set of flexible services tailored 
for payloads. The capability allows onboard con- 
trol and monitoring, as well as ground control 
and payload monitoring using a shared Space 
Station and dedicated uplink and downlink of 
payload commands and data. The payload service 
interfaces with payloads and is separated from 
the data management system for ease of recon- 
figuration for individual payloads. In addition, 
the data management system provides an inter- 
face with special user data management system 
equipment via a military standard 1553 data 
bus. 

Communications and Tracking System 

Option C communications and tracking system 
provides services to the systems and payloads as 
follows: 

Communications and tracking with the 
ground during launch and ascent via the 
NASA Ground 
Station Tracking Qnd Data Network. 
On-orbit communications and tracking 
with the ground (systems and user pay- 
loads) via the NASA Tracking and Data 
Relay Satellite System. 
Onboard audio and video distribution. 
Tracking, attitude, and time information 
via the Global Positioning System satel- 
lites. 

The communications and tracking architec- 
ture (Figure 89) is based on equipment that is 
interchangeable with Space Shuttle and 
Spacelab equipment. This allows the use of com- 
mon vendors, test facilities, logistics, training 
and control centers. The communications and 
tracking design consists of the following subsys- 
tems: Space Shuttle S-band, Space Shuttle Ku- 
band, audio and video, and Global Positioning 
System. 

Space Shuttle-compatible interfaces are pro- 
vided for the onboard data system, guidance and 
navigation system, payload data system and user 
video equipment. 

Environmental Control and Life Support 
System 

The Option C environmental control and life sup- 
port system consists of six subsystems: tempera- 
ture and humidity control, fire detection and sup- 
pression, atmosphere control and supply, atmos- 
phere revitalization, water recovery and manage- 
ment, and waste management. 

The temperature and humidity control sub- 
system provides the same basic functional sup- 
port as that Space Station Freedom configura- 
tion. In addition, it provides for: 

Control of cabin air temperature, humidi- 
ty and ventilation rates. 
Airborne filtration for microbial and par- 
ticulate control. 
Intermodule air exchange with attached 
elements (orbiter, logistics module, and 
International Partner modules) for cen- 
tralized control of carbon dioxide, oxygen 
concentrations, trace contaminants and 
total pressure. 
Air circulation for fire detection and air 
cooling for rack-mounted equipment. 
Refrigerator and freezers for the crew 
and user support. 

The cabin air temperature and humidity con- 
trol design underwent the most dramatic design 
change of the environmental control and life sup- 
port subsystems since it is the most configura- 
tion dependent. The temperature and humidity 
control design provides a single unit in decks one 
and seven, each capable of supporting the entire 
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Communications and tracking architecture 

Space Station (excluding attached elements) in a 
degraded mode, using common systems from 
Space Station Freedom and/or the Space Shuttle 
and Spacelab programs. 

The configuration uses a variable air volume 
approach with fan-powered “mixing boxes” on 
each deck, an approach commonly used in office 
buildings. This concept uses a Space Station 
Freedom intermodule ventilation fan and a cupo- 
la temperature control valve to  draw in air from 
the open cabin volume or the duct supply, based 
on the temperature control requirements. The 
primary difference is that the control valve is 
modulated based on deck temperature rather 

than crew adjustment. The central temperature 
and humidity control fan operates at variable 
speed, which is controlled based on a down- 
stream static pressure measurement. 

The basic Space Station Freedom cabin air 
filtration design, using high e6ciency particle 
air filters in the cabin air return ducts, was 
retained for this configuration. The number of fil- 
ters was reduced from the Space Station 
Freedom Permanently Manned Capability base- 
line and consolidated to a common return area on 
deck four, The basic ventilation fan equipment 
was retained for air exchange with the pressur- 
ized logistics module and each International 
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Partner’s module. For avionics air cooling, the 
configuration provides either a rack circulation 
fan assembly or an avionics air cooling assembly 
for rack-by-rack implementation, depending on 
individual rack needs. 

The atmosphere control and supply subsys- 
tem provides cryogenic oxygen and nitrogen 
resupply, oxygen and nitrogen pressure control, 
total pressure monitoring, oxygen and nitrogen 
support for Option C subsystems, nitrogen gas 
for payloads, overpressure relief protection and 
atmosphere dump capability, and manual equal- 
ization with attached elements. Orbiter hard- 
ware is being used for the pressure regulation, 
positive pressure relief, and atmosphere dump 
functions. An interface with the active thermal 
control system is used to warm the cryogenic 
fluid before entry into the Option C pressurized 
environment. 

The Option C oxygen and nitrogen require- 
ments will be provided from resupply of cryo- 
genic fluids using the baseline Space Station 
Freedom tanks. The Space Station Freedom 
baseline pressure contro1,assembly is retained 
since i t  is readily adaptable to the planned con- 
trol strategy and i t  contains a built-in long life, 
high accuracy pressure sensor. 

The baseline Space Station Freedom isola- 
tion valves are retained since they are maintain- 
able on-orbit and implement a manual override 
capability. The Space Station Freedom manual 
equalization valve provides an access port for 
vestibule depressurization, which is still required 
at the attached element interface. The Space 
Shuttle pneumatic pressure relief valves are 
used for positive pressure relief, while the Space 
Shuttle overboard vent assembly is used for 
atmosphere dumping. The vacuum exhaust sys- 
tem is modified to accommodate the vacuum 
access jumper for the attached element interface. 
The negative pressure relief valve is deleted 
because there is no abort scenario and the mod- 
ule will be pressurized above the maximum 
ambient pressure conditions anticipated at the 
launch site. 

The atmosphere revitalization subsystem 
monitors and controls the level of carbon dioxide 
and trace contaminants in the cabin air. The 
orbiter regenerable carbon dioxide removal sys- 
tem is being used in place of the Space Station 
Freedom baseline four-bed molecular sieve due to 
power considerations. The Space Station 
Freedom sample distribution system and trace 
contaminant monitoring functions have been 

, 

I 

I 

deleted. The Space Station Freedom trace conta- 
minant control unit and major constituent moni- 
tor are being used with basically no hardware 
changes, although some operations changes and 
software simplifications are being made. The 
Space Station Freedom carbon dioxide vent has 
been deleted. A new, larger diameter vent (based 
on the orbiter design) is required to support the 
regenerable carbon dioxide removal system, and 
an interface with the active thermal control sys- 
tem loop is being used in place of the current 
Space Station Freedom and orbiter heater. 

The requirement to control Space Station 
Freedom carbon dioxide concentration to 5.3 mil- 
limeters of mercury (0.7 percent) for the baseline 
Space Station Freedom program was retained. 
The Option C configuration has the capability to 
control to 0.3 percent concentration when 
required. 

The water recovery and management subsys- 
tem recycles water to reduce the amount of water 
that must be supplied to  the Space Station. 

The Space Station Freedom potable water 
and urine processors are being used with only a 
minor design change to the potable water proces- 
sor to delete the sterilizer assembly. The orbiter 
fuel cell water tanks are being used for addition- 
al water storage and the orbiter potable and 
waste water vents are being used. 

The waste management subsystem provides 
urine collection and fecal waste management. 
The extended duration orbiter commode is being 
used in place of the modified unit planned for 
Space Station Freedom. 

The fire detection and suppression subsys- 
tem sensor detects smoke in an enclosed volume. 
The primary means of fire hazard control is to 
prevent fires by using self-extinguishing materi- 
als and to remove power and airflow after detect- 
ing an incipient fire. The Space Station Freedom 
duct smoke detector design was retained for the 
Option C. Smoke detectors are integrated into 
each deck “mixing chamber” fan as well as in the 
deck four return leg (upstream of the high effi- 
ciency particle air filters, recessed to allow smoke 
detector integration). The Space Station Freedom 
rack fire detection system panel was retained for 
fire location identification in the racks. 

fire extinguishers and rack suppressant distribu- 
tion plumbing were retained for fire suppression. 
The automatic suppression system is retained for 
the racks. In addition, two portable extinguishers 
are provided on each deck. 

The Space Station Freedom carbon dioxide 
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Flight Crew Equipment Systems 

The flight crew equipment subsystem provides 
the waste management compartment, the show- 
er, restraints and mobility aids, the galley and 
wardroom, crew quarters, portable emergency 
provisions, portable and task lighting, stowage, 
decals, housekeeping and trash management, 
food, off-duty equipment, consumable items 
requiring resupply, and the configuration track- 
ing and management. This subsystem eliminates 
all data management system interfaces. The 
Option C uses a paper flight data file rather than 
the Space Station Freedom baseline electronic 
flight data file. 

The crew health care subsystem provides for 
routine and emergency medical care, as well as 
for environmental monitoring, health mainte- 
nance and crew exercise. 

Crew health care system hardware occupies 
rack and floor locations on decks three and four. 
Crew exercise and associated monitoring equip- 
ment is deployed on the floor and walls of deck 
three. The environmental monitoring equipment, 
located in a rack on deck three, is used to verifjl 
the safety of the recycled water and to culture 
and examine surface and air samples as 
required. Deck three is primarily occupied by the 
life sciences laboratory. 

medical equipment and supplies, as well as 
rack-mounted air and water quality analysis 
instruments, are located on deck four. 

1 

Crew health care system stowed emergency 

Extravehicular  Activity System 

Option C places the majority of orbital replace- 
able units inside the pressurized volume, which 
reduces the demand for extravehicular activity. 
If extravehicular activities are required, they are 
conducted from the orbiter. Extravehicular activ- 
ity work sites are inside the skirts on each end of 
the Space Station. The Space Station Remote 
Manipulator system can accommodate an 
extravehicular activity work platform to support 
any extravehicular activity outside the skirt 
areas. The Special Purpose Dexterous 
Manipulator will be used to support maintenance 
outside the skirt areas, and in the end compart- 
ments. 

The only extravehicular activity equipment 
manifested on Option C will be translation aids 
and restraints for worksites in the skirt area and 

under the shroud. Extravehicular activity hard- 
ware requires no power or data management sys- 
tem interfaces. 

Automation and Robotics 

The Space Station Remote Manipulator System 
and the Special Purpose Dexterous Manipulator 
are provided by the Canadian Space Agency and 
will have their own on-orbit control station, 
which will function independently of the Space 
Station data management system. Eight power 
and data grapple fixtures will be located on the 
exterior of the station, four along the zenith side 
and four along the nadir, to provide the base 
locations from which the Space Station Remote 
Manipulator System and Special Purpose 
Dexterous Manipulator will operate. The capabil- 
ity of the Space Station Remote Manipulator 
System to self-relocate from one power and data 
grapple fixture to another will allow the Space 
Station Remote Manipulator System to support 
orbiter payload bay unloading at either end of 
the Space Station, logistics and international 
berthing, cry0 pallet installation, assured crew 
return vehicle relocation, attached payload 
berthing and Space Station Remote Manipulator 
System relocation between the nadir and the 
zenith sides of the Space Station. 

The Special Purpose Dexterous Manipulator 
will be moved by the Space Station Remote 
Manipulator System. I t  can operate from the end 
of the Space Station Remote Manipulator System 
or from power and data grapple fixtures. The 
Special Purpose Dexterous Manipulator can 
accomplish dexterous tasks that require greater 
precision than that of which the Space Station 
Remote Manipulator System is capable. The 
Special Purpose Dexterous Manipulator will be 
used to perform assembly operations, external 
maintenance, and logistics operations, and to 
pre-position orbital replaceable units in support 
of extravehicular activity. The Special Purpose 
Dexterous Manipulator also will be used to ser- 
vice external payloads. 

Manu fact uring Considerat ions 

The large pressurized structure and end skirts 
can be manufactured in one of several locations. 
The two most promising sites are the external 
tank manufacturing facility at Michoud or the 
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facilities at the Marshall Space Flight Center. 
For costing purposes, i t  was assumed to be man- 
ufactured at Michoud. T&o flight structures will 
be manufactured. The first unit will be shipped 
to Johnson Space Center and used initially as a 
pathfinder for installing the secondary structure, 
electrical wiring, plumbing, and representative 
subsystems. Later it will be used as an engineer- 
ing test article and crew trainer. The second 
flight structure will be delivered to Kennedy 
Space Center where it will be outfitted, checked 
out and mated with the other flight elements. 
The first structure will be used as a back-up 
flight article to the primary flight article. 

Test and Verification 

Option C requirements will be updated at a 
Program Requirements Review shortly before 
contract Authority to Proceed. The program 
requirements, including integrated system per- 
formance, payload resources allocations, system 
operability, and product assurance, will be 
updated. The requirements and specifications for 
individual subsystems will be likewise updated 
for System Requirements Reviews. Based on 
these updated requirements sets, systems verifi- 
cation plans and program verification plans will 
be reconstituted along with plans for integration 
and checkout at Kennedy Space Center. The 
updated plans will include verification responsi- 
bilities, approaches and management plans. 

Thirty-seven percent of the selected compo- 
nents are already flight-certified from the Space 
Shuttle program. Follow-on analysis and testing 
will be conducted to ensure that the components 
can tolerate worst-case flight environments. 
System components that are of a new design for 
Option C will be subjected to engineering evalua- 
tion testing and certification. 

Subsystem designs are implemented with 
available hardware and software to verify the 
basic system performance. Extensive use is made 
of existing test-beds for system development and 
certification testing. Systems including the envi- 
ronmental control and life support system, ther- 
mal control, propulsion and electrical power sys- 
tems will rely on early system development test- 
ing and analysis to determine final system con- 
figuration to achieve best performance. Final sys- 
tem designs within and between systems, and 
completed system safety analyses, will determine 
the final verification requirements. 

The data management system will use exist- 
ing system development facilities of the Space 
Shuttle Processing Facility and Software 
Development Facility and the Johnson Space 
Center Avionics Engineering Laboratory for engi- 
neering evaluation and flight certification test- 
ing. Data management system development test- 
ing will concentrate on the differences from the 
Space Shuttle system. 

System operations concepts will be verified 
using mockups and trainers, which simulate the 
layouts on individual decks of the station. 
Individual deck mockups will aid in the develop- 
ment of systems with heavy crew interaction 
such as crew equipment, crew health care, and 
pay1 o ad s . 

Robotics and extravehicular activity opera- 
tions will be simulated, analyzed, and tested 
using existing computer models and Weightless 
Environment Training Facility mockups. 

Individual subsystems and the integrated 
vehicle performance rely on analysis for those 
conditions that cannot be adequately tested on 
Earth. Standard analysis tools for the engineer- 
ing disciplines (structures, thermal, communica- 
tions coverage) will be used as required to verify 
subsystems performance. Verified analysis tools 
developed for the Space Shuttle will be used. 
These include ascent flight control and stability, 
component separation and entry footprint, trajec- 
tory profile and orbit insertion. Other analytical 
tools from the Space Station Freedom program 
include those for guidance, navigation, and con- 
trol (rigid and flex body stability, rendezvous and 
proximity operations, guidance, navigation and 
control system performance, and transient 
response). 

Other analytical tools are used to validate 
both internal and external environments. 
Analysis results will play a significant role in the 
definition of loads and interfaces for the 
Japanese Experiment Module and Columbus 
Attached Pressurized Module. 

available early in the system design process and 
will be refined and iterated with mature design 
information a t  system and program design 
reviews. 

Results from the verification analyses will be 

Ground Tests 

These tests include integrated systems tests and 
final system-level tests with simulated interfaces 
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International Partner elements that interact 
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pate in the integrated avionics testing illustrated 
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subsystems. 
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Center for integration to  ensure that they will 
perform and contain no defects. Acceptance test- 
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Figure 90 
Option C integrated avionics system verification activity 
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ing will be done at the highest level of assembly 
practicable before shipment. For example, inte- 
grated system and payload racks would be veri- 
fied to the rack level pritr to shipment. 

Vehicle In-process and Acceptance Tests 

The Kennedy Space Center verification testing is 
interdependent with the integration process. As 
system components, payloads or their utilities 
are installed, testing such as continuity, isola- 
tion, grounding and leak checks are performed 
in-process. As systems, including environmental 
control and life support, communication and 
tracking, data management, propulsion and ther- 
mal control are installed, functional tests are 
performed. As systems or major assemblies 
installations are completed (e.g., radiators, solar 
arrays, or docking ports), the assemblies and 
final interfaces are functionally tested. 

When systems installation is completed and 
the aft fuselage is installed, module testing and 
integrated operations testing (including system 
end-to-end tests and mission sequence tests) are 
performed. Following the integration of the 
assembled on-orbit vehicle to the nose cone, 
interface verification tests are completed. At the 
Vehicle Assembly Building, the core module is 
mated to the external tank and solid rocket 
booster stack and those interfaces are verified. 
The launch vehicle is ready for flight readiness 
firing. 

International Module Verification 

During Space Station module integration and 
verification, simulators will be used to simulate 
the interfaces of the international modules and 
pressurized logistics modules. For launch of the 
modules, verification is  performed at Kennedy 
Space Center. 

The International Partners will perform all 
integration and testing of their hardware (with 
support from the Kennedy Space Center). 
Following the completion of the Japanese 
Experiment Module and the Columbus Attached 
Pressurized Module integration, a functional 
interface demonstration test will be performed, 
as required in the current Space Station 
Freedom baseline. The Option C interfaces will 
be verified by master tools and simulators. 

The payload logistics module is processed 
prior to shipping to  Kennedy Space Center for 
interface verification testing. User rack checkout 
will be performed prior to the integration of 
experiment racks into the pressurized logistics 
module. After the full complement of hardware is 
installed in the module, an integrated interface 
verification of carrier-to-core module will be per- 
formed. The pressurized logistics module inter- 
face to Option C will be verified using the “mas- 
ter tool” and a simulator previously verified 
against Option C before launch. 

Orb iter Modifications 

The orbiter must be modified in two areas. First, 
a slow-thrust thruster system must be incorpo- 
rated into the orbiter attitude control system to 
limit the effects of plume loads on the Space 
Station for use during rendezvous and docking. 

The second orbiter modification will add pro- 
pellant transfer lines between the orbital maneu- 
vering system tanks and the interface ring of the 
docking system. This change will provide an on- 
orbit propellant transfer capability for the orbiter 
to resupply propellant to Option C propellant 
tanks. The orbiter docking system uses a 
Russian docking mechanism that contains fluid 
couplings designed to transfer propellant from 
the Progress vehicle to the Mir space station. By 
adding lines and control valves to the orbiter, a 
capability similar to that of the Russian Progress 
vehicle is achieved. 

Design lFades 

A number of system and subsystem options and 
approaches were assessed before arriving at the 
Option C recommended detail configuration. 
Major items that were assessed but not incorpo- 
rated are summarized below. 

The Space Station Freedom data man- 
agement system (baseline and multiplex- 
er or demultiplexer subsetting) was not 
incorporated because of remaining devel- 
opment and operations costs and the 
Option C requirement to use the Space 
Shuttle system during ascent. 
Ammonia as the thermal control system 
working fluid was eliminated due to 
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intolerance to freezing for off-nominal 
conditions. 
Rotary joints (thermal and power) were 
eliminated due to complexity and inter- 
ference with the Japanese Experiment 
Module, Columbus Attached Pressurized 
Module and self-shadowing. 
Separate pressurized compartments and 
a central tunnel were eliminated to sim- 
plify system design and operational com- 
plexity, and save significant housekeep- 
ing power without sacrificing crew safety. 
The orbiter as the assured crew return 
vehicle was dropped in lieu of dedicated 
Soyuz vehicles in order to optimize the 
microgravity environment. 
External systems were dropped in lieu of 
internal systems to  reduce maintenance 
time and increase crew time for research. 
The compact design reduced the external 
orbital replacement units to the point of 
not needing to perform Space Station- 
based extravehicular activities; therefore, 
the Space Station-based airlock was not 
included. However, it  can be added later 
if needed for science and engineering 
activities. 
Three options for obtaining the aft fuse- 
lage were considered: use of the main 
propulsion test article hardware, a new 
build utilizing the structural spares 
available and use of Orbiter Vehicle-102. 
Use of Orbiter Vehicle-102 equipment 
was baselined for costing purposes. 

Performance Capability 

Option C delivers certain essential user facilities 
and early experiments with the launch of the 
core module. 

Option C uses fixed solar arrays (i.e., no 
alpha or beta gimbal joints); 12 electrical power 
feeds into the pressurized volume; four indepen- 
dent thermal control systems; and partitioning of 
the core capability with respect to  guidance, nav- 
igation and control, environmental control and 
life support system, and communications and 
tracking. This design, however, does have limita- 
tions. To achieve minimu’m continuous power 
(55.4 kW), it must fly in the solar inertial mode 
where the attached payloads look angle varies 

between celestial and Earth viewing once per 
orbit. Option C can generate substantial power 
in the local-vertical flight mode (28.7 kW at Beta 
= 0, and increased amounts at Beta > 0’ by 
“rolling out” the Beta angle). From a control 
standpoint, Option C can fly with velocity vector 
parallel or perpendicular to the core module axis. 

The majority of orbital replacement units are 
inside the Space Station. Extravehicular activity 
is orbiter-based for scheduled maintenance. The 
Japanese Experiment Module equipment airlock 
will provide capability to  service science and 
engineering payloads that can fit through the 
airlock. The Option C design does not preclude 
adding an airlock to one of the berthing ports if 
required for engineering and science, but an air- 
lock has not been included in the flight manifest 
or the cost estimate. The Japanese Experiment 
Module Ku-band antenna is currently obstructed 
by fixed solar arrays, but could be relocated to 
the top of the core module with internal wiring 
through the Space Station to the Japanese 
Experiment Module. The Japanese Experiment 
Module Ku-band system could be used to  provide 
Option C with the high-definition video (up and 
down) and high-rate science data. 

Option C design provides a single large vol- 
ume of atmosphere, protected to the debris 
design requirement, and two dedicated assured 
crew return vehicles with a clear and time-efi- 
cient escape corridor. With an equivalent of a 
three-inch diameter hole in the pressure vessel, 
it  takes approximately 10 minutes for the pres- 
sure to  decay to eight pounds per square inch 
absolute. This,is adequate time for the crew to 
board the assured crew return vehicle and secure 
the hatch. 

Weight Summary 

The Option C configuration is made up of compo- 
nents and systems of varied levels of maturity, 
ranging from operational flight-proven system 
from the Space Shuttle,program to critical design 
review level of maturity from the Space Station 
Freedom program, and new designs. The weight 
margin strategy is planned accordingly, and is 
shown in Table 28. 

overall aggregate margin requirement for 
Option C is 26,200 pounds. A top-level weight 
summary for Option C is shown in Table 29. 

Based on the above margin strategy, the 
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Option C baseline is the standard external 
tank at 28.8 degrees and the aluminum lithium 
external tank at 51.6 degrees. 

Option C has more than the required margin 
a t  both the 28.8 degree inclination and the 51.6 
degree inclination. Remaining weight margins at 
launch will be utilized for additional outfitting. 

The weights and margins for subsequent 
shuttle flights are shown in Figures 91 and 92. 

Power Summary 

Option C uses fixed solar arrays (i.e., no alpha or 
beta gimbal joints) with 12 electrical power feeds 
into the pressurized volume, four independent 
thermal control loops to reject the heat loads; 
and partitioning to the core system. This design, 
however, does have limitations. To achieve opti- 
mum minimum continuous power, it  must fly in 
the solar inertial mode where the attached pay- 
load look angle vanes between celestial and 
Earth viewing once per orbit. Option C can gen- 
erate substantial power in the local-vertical 
flight model by "rolling out" the Beta angle. 

Table 28 
Weight margin strategy 

Category 

Existing shuttle components 
and systems 
Minimum modification to shuttle 
components and systems 
Major modifications to shuttle 
components and systems 
Space Station critical design 
review level hardware 
New design hardware 
Vehicle structure 

Primary 
Secondary 

Percent 
Margin 

0 

5 

10 

10 
20 

15 
18 

Table 29 
Option C weight summary 

1 Launch system (less orbital vehicle) 
- Shroud 
- Nose cone 
- Transition to 1307 bulkhead 
- Afthselage 
- External tank modifications 

1 Orbital Vehicle (Wet) 
- Primary structure 
- Secondary structure 
- Micrometeorite and orbital debris 
- Ascent avionics 
- Subsystems 
- 
- Liquids and gases 

0 Option C launch weight 
User racks (nominal six) 
Total launch weight 
Lift capability with standard external tank to 28.8 degrees 

Space Station Remote Manipulator System 

b 

Weight Margin (28.8 degrees) 33,000 

b Lift capability with aluminum lithium external tank to 51.6 degrees 

4,800 
3,100 
7,200 
54,700 

400 

30,300 
9,900 
16,900 
600 

83,000 
3,500 
11,100 

70,200 

155,300 

225,500 
6,000 

231,500 
264,500 

260,600 

Weight Margin (51.6 degrees) 29,100 
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Figure 91 
Launch weights for station assembly at 28.8 degrees 
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Specific emphasis was placed on reducing 
core module housekeeping power to maximize 
power available for users and research. A sum- 
mary of core housekeeping power requirements 
for the Option C subsystems is shown in 
Table 30. When combined with International 
Partner elements, and housekeeping power, the 
total housekeeping power for Option C is 
22.1 kW in local-vertical and 22.7 in solar iner- 
tial flight mode. 

inertial and local-vertical for a 12 month period 
is shown in Figures 93 and 94 for on-orbit incli- 
nations of 51.6 degrees v d  Figures 95 and 96 for 
28.8 degrees. 

A third photovoltaic power module assembly 
will be added aRer the international modules are 
on-orbit. This power module assembly, consisting 
of two additional solar arkay wings, six array reg- 
ulators, four batteries, thermal system, utilities, 
and a docking tunnel system. 

The resulting power provided to users is con- 
tained in Table 31 for the flight modes, orbit 
inclinations and solar array configurations. In 
the six wing configuration, the solar inertial 
power output is limited by the vehicle heat rejec- 
tion and the values have “derated” the power by 
3-5 kW consistent with the affected solar inertial 
mode. For all other power values, the thermal 
system performance is matched consistent with 
power capability. 

The power generation capability for solar 

Safety and Reliability 

Option C improves reliability by allowing full 
assembly and interface checkout of the Space 
Station module on the ground prior to on-orbit 
use. It reduces the multiple launch safety risk by 
requiring only four launches to attain Permanent 
Human Presence Capability. Option C signifi- 
cantly reduces the extravehicular activity safety 
risk. 

Option C launches with its full complement 
of avionics redundancy in place. The power sys- 
tem contains 12 separate channels (six for initial 
launch) and requires only two of four photovolta- 
ic arrays extended to  keep the Space Station on- 
orbit. Similarly, the active thermal system has 
four radiator and external loops. This configura- 
tion requires only two of four radiator doors 
deployed to provide adequate cooling for house- 
keeping functions. This requirement can be 
reduced to only one deployed radiator by cross- 
strapping internal loops. The Option C design is 
a quasi-stable and “no freeze” configuration in 
Earth orbit making the Space Station tolerant to  
off-nominal attitude excursions and contingen- 
cies. 

Option C incorporates debris shielding on all 
external surfaces. The shielding meets .955 prob- 
ability of no micrometeoroid and orbital debris 
penetration in 10 years. Option C uses the three- 
layer shield system developed for, but not yet 

Table 30 
Option C core module housekeeping power summary 

Comparison to Space Station Freedom 
Baseline 

Communications and Tracking 
Crew Health Care 
Data Management 
Environmental Control and Life Support 
Extravehicular Activity 
Flight Crew Equipment 
Guidance, Navigation and Control 
Mechanical Systems 
Power Distribution and Control 
Propulsion 
Thermal Control 
Margin (10 percent on new equipment) 

TOTAL 

Option C 

.90 
0.10 
2.30 
3.00 
0.00 
0.20 
0.43 
0.00 
0.93 
0.22 
2.30 
x 
11.07 

Space Station 
Freedom Baseline 

1.06 
.32 
3.48 
5.41 
.01 
1.43 
.53 
.20 
1.48 
.90 
1.70 
3 

17.31 
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Option C: Two photovoltaic modules (Permanlent Human Presence-International configuration) 
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Option C: Two photovoltaic modules (PermaGnt Human Presence-International configuration) 
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Option C: Two photovoltaic modules (Permanent Human Presence-Znternational configuration) 

Option C: Two photovoltaic modules (Permanent Human Presence-Znternational configuration) 
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Table 31 
Available user power summary 

51.6 Degrees 28.8 Degrees 

Array Configuration 
(solar interial and local-vertical) 

Core station without International 
Partners four array wings 

zero beta 43.0117.4 kW 40.8f17.7 kW 
average shade orbit 49.6136.3 kW 45.9123.1 kW 

Core station with International 
Partners six array wings 

zero beta 45.6117.5 kW 45.8117.8 kW 
average shade orbit 42.21 3 2.8 kW 40.2f24.4 kW 

incorporated into, the Space Station Freedom 
baseline program. The shield is comprised of a 
0.050 inches 6061-T6 aluminum outer layer, a 
middle layer of aluminum mesh, Nextel, Kevlar 
and multi-layer insulation and the 0.125 inches 
2219-T87 aluminum pressure wall. Debris shield 
requirements drive the pressure wall thickness 
to .125 inches. This thickness yields a design 
margin of four for pressure. 

the crew approximately 10 minutes to find and 
repair a three-inch equivalent hole before the 
pressure drops from 14.7 to 8 pounds per square 
inch absolute. Assured crew return vehicles are 
provided for time-efficient access if the crew 
must evacuate. 

The large 26,000-cubic-foot volume provides 

External  Payloads 

Provisions are made to  attach payloads on the 
exterior of the Space Station. Exterior attach- 
ment platforms are provided for all viewing 
options: Earth, solar and celestial. Three dedicat- 
ed sites are available for attaching external pay- 
loads: two common berthing ports on the bottom 
of the Space Station and a dedicated payload 
attach platform on the top. In addition, there are 
10 power data grapple fixture locations that 
could potentially be used when the Space Station 
remote manipulator system is not in operation. 
The common berthing ports can be used to attach 
custom-designed science modules that can be 
returned to  Earth for re-outfitting and then 
reflown. 

Resources Available to Users 
Power Availability 

Rack Character is t ics  

The 26,000 cubic feet of core station volume pro- 
vides accommodations for 40 user racks prior to 
the arrival of the international modules. The 
Option C design allows for the use of express 
racks that can be fully outfitted on the ground 
and carried to the Space Station for mounting 
into a rack location. The racks provide a stan- 
dard interface allowing the use of equipment 
flown earlier on Space Shuttle andfor Spacelab 
missions. 

In the solar inertial flight mode, 30 kW is avail- 
able to  users with two photovoltaic arrays after 
Permanent Human Presence. In the local-verti- 
cal flight mode, 18 kW is available with two pho- 
tovoltaic arrays. After Permanent Human 
Presence and with the third photovoltaic array, 
40 kW is available to  users in the solar inertial 
flight mode and approximately 18 kW is avail- 
able in local-vertical mode. 
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Crew Availability 

Reductions in external maintenance and simplifi- 
cation of systems account for a crew-time savings 
over that  for Space Station Freedom. I t  is esti- 
mated that the crew members will be available to 
support user activities approximately 7,000 
hours per year. 

User Communications 

Option C provides user downlink capabilities of 
50 Mbps. Users are able to transmit one video 
channel a t  a time to the ground. Uplink telecom- 
munications of 72 and 128 Kbps are available to 
users. Data interface with the user will accom- 
modate current Spacelab protocols. High data 
rate (32 Mbps) data recorder and video recorders 
are provided along with the Spacelab interface 
unit to store data during communication outages. 

Station Environment 

The ambient atmosphere inside the Space 
Station will be at 14.7 psi. I t  contains nominal 
nitrogen and oxygen concentrations of 78 percent 
and 21 percent, respectively. Carbon dioxide con- 
centrations are nominally controlled to less than 
0.7 percent with capability to control to 0.3 per- 
cent when required. The Option C microgravity 
environment has more than 50 percent of the 
racks within the one microgravity or less enve- 
lope. Figures 97 through 100 show the micro- 
gravity level profiles for the local-vertical orien- 
tations, with both the X-axis and the Y-axis into 
the velocity vector. Figures 101 and 102 show the 
microgravity level profiles in the solar inertial 
mode. 

Other Resources 

Users are also provided an acceleration mapping 
system, pressurized nitrogen gas and potable 
water, the capability to vent waste gas, a vacuum 
source, payload cooling with either forced air or 
coldplate, two user refrigerators and freezers, a 
furnace for microgravity research, and a shared 
portable work bench for routine maintenance 
and repairs. 

Velocity 

-0’- z rX 
Figure 97 

Option C, local-vertical (Y-axis into velocity), with 
International Partners, 0 degrees Beta 

Figure 98 
Option C, local-vertical (Y-axis into velocity), with 

International Partners, 52 degrees Beta 

Optical Windows 

Option C provides two 20-inch optical quality 
windows, one on deck six and one on deck two. 
On deck six, optical instruments can be rigidly 
mounted with a view through the window. In 
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Figure 99 
Option C, local-vertical (x-axis into velocity), with 

International Partners, 52 degrees Beta 

addition, four eight-inch optical quality windows 
are provided. 

Engineering Research 

Option C provides an engineering test-bed for 
future technology development. Examples 
include the closed loop life support system, 
advanced space power systems such as solar 
cells, solar dynamic systems, power beaming 
from a free flyer, and advanced propulsion sys- 
tems such as water electrolysis and oxygen and 
hydrogen propulsion. 

Reduction of microgravity and improvement 
of the laboratory environment is feasible. A sys- 
tem consisting of low-thrust propulsion jets and a 
device for sensing acceleration was used in 1972 
to counter aerodynamic drag on Stanford 
University’s “drag-free” satellite; a similar sys- 
tem will be used aboard the NASA Standard 
Gravity Probe B spacecraft. A similar system is 
being considered for use on Option C. This sys- 
tem could potentially improve the desired micro- 
gravity environment while in the power-rich 
solar inertial flight mode. I t  could also be used as 
an engineering research tool to  control levels of 
microgravity. 

Velocity 

’? z O’lofppOO 

Figure 100 
Option C, local-vertical (X-axis into velocity), with International Partners, 0 degrees Beta 
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Figure 101 
Option C, solar inertial, with International Partners, 0 degrees Beta 

Figure 102 
Option C, solar inertial, with International Partners, 0 degrees Beta 
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Accommodation of International 
Partners 

The Japanese Experiment Module and Exposed 
Facility and the Columbus Attached Pressurized 
Module can be accommodated at any two of the 
three common berthing mechanism ports on deck 
four. The interfaces for data management, ther- 
mal control and communications are different 
from Space Station Freedom because of the dif- 
ferent architectures within Option C. Since the 
alpha and beta joints have been removed from 
the Option C design, the overall vehicle orienta- 
tion is fixed with respect to  the solar array, and 
the view of the Earth varies with the flight mode. 
The Space Station Freedom photovoltaic arrays 
have been redesigned to provide better, but still 
limited, viewing capability (approximately 23- 
foot separation) for the Japanese Experiment 
Module and the Columbus Attached Pressurized 
Module. 

Canada’s Space Station Remote Manipulator 
System and the Special Purpose Dexterous 
Manipulator are included in Option C. The Space 
Station Remote Manipulator System will be 
launched on the initial flight and is stowed for 
launch on the external forward end of the core 
element with its elbow extended forward and 
structurally supported by the nose cone. An 
alternate configuration where the Space Station 
Remote Manipulator System is “folded” for 
launch, designed for Space Station F’reedom, is 
being evaluated. 

I 

Option Specific Operations 

Flight and Ground Operations 

Option C eliminates much of the training, analy- 
sis, mission planning and mission execution costs 
that result from multiple flights and assembly 
tasks. Because Option C is launched as an inte- 
grated system, on-orbit assembly is not required 
to  provide human presence capability. 

The Space Station and its systems have been 
specifically designed to achieve a high level of 
synergy with the Space Shuttle to reduce opera- 
tions costs. The Space Station data management 
system, guidance, navigation and control, and 
communications and tracking systems were 

selected so the existing Mission Control Center 
and Space Station Control Center are highly 
compatible, as well as launch processing sys- 
tems. Training facilities for the crew and flight 
controllers are similarly highly compatible. 

Vehicle Assembly, Launch Processing and 
Launch Site Modifications 

Option C buildup, testing and integration will 
use existing Space Shuttle processing infrastruc- 
ture at Kennedy Space Center. The schedule for 
delivery and processing of the elements is shown 
in Figure 103. Verification and test philosophy 
will be based on the same philosophy as that 
used for Space Shuttle hardware on a first-flight 
process. 

The core module will arrive at Kennedy 
Space Center via the NASA barge and will be 
placed in the Space Station Processing Facility 
processing high bay. Access inside and outside 
will be established to support a complete receiv- 
ing inspection and preintegration inspection. 
After the preintegration inspection is completed, 
secondary structures, cables and fluid lines will 
be installed. Components, such as fluid lines, 
cables and brackets will be shipped to Kennedy, 
ready for installation. 

The nose cone will arrive at Kennedy approx- 
imately one year after the core module. The solid 
rocket motors will be installed in an existing haz- 
ardous processing facility in the industrial area, 
prior to  mating the nose cone to the core module 
in the Space Station Processing Facility. The 
nose cone will be mated and an interface verifica- 
tion test completed. 

The aft fuselage and launch element compo- 
nents will be available at Kennedy Space Center 
approximately 11 months prior to launch, and 
mated to  the transition section to provide an 
integrated unit. Stand-alone processing of the aft 
fuselage will take approximately five months. 
Integration and testing of the aft fuselage with 
the core module will require approximately four 
months. Launch vehicle element integration and 
launch will require four months. 

The orbiter Processing Facility will be used 
to  process the aft fuselage and install the main 
engine. This will allow engine installation to be 
performed without being a serial part of the 
launch processing flow. The aft fuselage will be 
mated horizontally to the core module in the 
Space Station Processing Facility. Once Space 
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Mate Aft Fuselage to Core Element 

Tests 
Aft Fuselage I Con, Element Interface 

Orbiter Processing Facility Ow 

Aft Fuselage Inspectdns 16 Weeks 14 Wk 

I 12weeks 

Figure 103 
Kennedy Space Center processing flow 

Kby: Transfer to Pad 
ET - ExtomalTank Launch Processing 

Station Processing Facility test and integration 
are complete, the mated aft fuselage, nose cone 
and core module will be transported horizontally 
to the Vehicle Assembly Building using the exist- 
ing orbiter transport system. At the Vehicle 
Assembly Building, the core module will be 
mated to the external tank. 

12 Weeks 

Module Processing 

The processing and integration of the mini-pres- 
surized logistics module, unpressurized logistics 
support structure, cry0 carrier, Japanese 
Experiment Module and Columbus Attached 
Payload Module will be planned in series with 
the processing of Option C. Common handling 
procedures, software applications and plans will 
be developed consistent with today’s planning for 
the Space Station Freedom program. The mod- 
ules, equipment, and systems will be processed 
in the Space Station Processing Facility, and a 
common set of ground support equipment and 
test equipment will be used. This approach 
accommodates synergism with existing Spacelab 
experiment processing, and deployable payload 

processing and will result in lower total person- 
nel requirements. 

Pressurized Logistics Module 

The processing of this module will use standard 
procedures, software and common schedules. 
Subsequent to the processing of the first flight of 
each mini-pressurized logistics module, an 
assessment of the interface will be performed to 
determine the need to perform an off-line inter- 
face verification on repetitive missions. The mini- 
pressurized logistics module will return with 
materials, trash, garments and samples that will 
be removed and processed after each flight. The 
mini-pressurized logistics module will undergo a 
complete postflight inspection and any necessary 
repairs before being processed for the next mis- 
sion. 

The unpressurized logistics support struc- 
ture will be integrated and checked out prior to 
integrating attached orbital replaceable units 
and/or attached payloads. Attached payloads can 
be processed in a number of existing facilities, 
using a variety of test equipment, ground sup- 
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port equipment and procedures. The develop- 
ment of unique procedures, software applications 
and simulations will be limited to distinctly 
unique processing requirements. The unpressur- 
ized logistics support structure will be inspected 
and refurbished (if necessary) after the first 
flight and subsequent flight, and staged to sup- 
port the next mission processing. 

Cryogenic Carrier 

The cryogenic carrier will be processed to fly on 
the first Space Shuttle flight to visit Option C. 
The processing of the carrier will include leak 
checks and a demonstration of the servicing 
ground support equipment prior to the first 
launch. Subsequent to the first launch of the car- 
rier, a postflight inspection and repair (if neces- 
sary) will be performed and the carrier will be 
prepared for its next flight. A common set of pro- 
cessing ground support equipment procedures 
and application software will be developed to 
minimize recurring cost. The carrier will be ser- 
viced with cryogenic commodities (liquid nitro- 
gen, liquid oxygen) at the launch pad as is cur- 
rently planned in the Space Station Freedom 
program. 

Japanese Experiment Module and 
Columbus Attached Pressurized Module 

The processing of the modules will involve 
unique (but similar) plans, procedures, and soft- 
ware simulations and applications. A joint team 
of the International Partners and NASA will 
integrate and test the modules, subsystems and 
experiments for these missions, Following the 
installation of the module in a workstand in the 
Space Station Processing Facility, the 
International Partners’ receiving and inspection 
will be performed. Subsystem checkout and test 
will be performed using International Partner- 
provided test equipment. NASA will perform an 
integrated test of the module, subsystems and 
experiments interface to the core module prior to 
transfer and installation in the Space Shuttle. 

Pad Processing 

tions, flight readiness firing and launch process- 
ing. Procedures similar to  those for Space 
Shuttle will be used to perform the final process- 
ing for launch. Hypergolic servicing will require 
application software and procedural changes to 
account for the unique system that will be used 
on the Space Station. Avionics interfaces will be 
the same as those for the current Space Shuttle. 
The ground launch software sequencer will be 
revised to account for the unique configurations 
of Option C. 

Test and checkout of launch systems will be 
performed using modified Space Shuttle ground 
test procedures and software. Changes to these 
procedures and software will bq developed to 
account for subsystems that have unique configu- 
rations from those of the standard Space Shuttle. 
Electrical power distribution control, orbital 
propulsion system checkout, and environmental 
and atmospheric system control software will 
require extensive modifications. Other ground 
controlling application software will require 
minor changes. 

Launch Site Modifications 

Kennedy Space Center facilities, systems and 
equipment will be used to the maximum extent 
possible during launch site processing. However, 
to process the new core module and launch vehi- 
cle elements, some modifications to existing facil- 
ities will be necessary. 

The Orbiter Processing Facility will be modi- 
fied to  check out the aft fuselage and transition 
structure. The Vehicle Assembly Building high 
bay extendable platforms will be modified to sup- 
port the mating of the launch vehicle element to  
the Space Shuttle external tank. The Mobile 
Launcher Platform will be modified to access and 
service (interface testing, flight readiness firing, 
and launch countdown) the aft fuselage of the 
launch vehicle element. The launch pad will be 
modified to provide access to the transition sec- 
tion, service the hypergolic propulsion system on 
Option C and connect the solid rocket booster 
ordnance. The Space Station Processing Facility 
will be modified for the buildup, outfitting and 
subsystems assembly, installation and checkout 
of the core module and integration testing and 
checkout of the aft fuselage. 

Pad processing will include interface testing, 
hypergolic propellant servicing, ordnance connec- 
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Maintenance and Spares 

External maintenance requiring extravehicular 
activity is significantly reduced because the 
amount of hardware located external to the 
Space Station is reduced. This low demand per- 
mits required extravehicular activity mainte- 
nance to  be performed from the Space Shuttle, 
thus eliminating the need for Option C-based 
extravehicular activities and an Option C airlock. 
Using a conservative estimate, approximately 
five extravehicular activities are anticipated per 
year. External maintenance can also be per- 
formed by extravehicular robotics using the 
Special Purpose Dexterous Manipulator. 

External and internal maintenance on items 
of high functional criticality will be performed as  
soon as practical after the failure is discovered 
and consistent with established flight rules. 
Lower criticality maintenance will be performed 
when it can be efficiently scheduled. No large on- 
orbit inventory of spares is planned; only Space 
Station-critical spares will be on hand. Adequate 
failure tolerance is provided to support opera- 
tions until the arrival of spares from ground stor- 
age, along with crew members trained on the 
specific maintenance tasks to  be performed. 

Logistics and Utilization Flights 

For an inclination of 28.8 degrees, Option C 
requires five Space Shuttle flights per year for 
logistics: four pressurized logistic module flights 
and one cryogen replacement flight. Propellant 
carriers are not required because the propellant 
is transferred directly from the Space Shuttle 
orbital maneuvering system tanks and may be 
delivered as needed on any Space Shuttle flight. 
External spares have been reduced to a total 
yearly requirement of approximately 1,800 
pounds. When the international modules are 
attached, resupply requirements increase. At 
51.6 degrees some of this increase could be 
accommodated by Soyuz-Progress flights. The 
mini-pressurized logistics module can be used 
with no modifications, and three modules will be 
required. 

minum lithium external tank has been budgeted 
so that only five logistics flights are required. 

The cyrogenic carrier will be redesigned to 
accommodate four tanks to keep the resupply fre- 

For an inclination of 51.6 degrees, the alu- 

quency a t  once per year. The required external 
spares will be brought to the Space Station on 
existing Space Shuttle flight support equipment 
such as the Spacelab pallet. 

Schedule 

Schedules consist of program milestones, core 
module subsystem schedules, launch vehicle 
schedules, Space Shuttle elements schedules, 
and integration assembly and checkout and 
launch processing schedules. The program sched- 
ule has a short design cycle because existing 
Space Shuttle and Space Station Freedom com- 
ponents are used. The dates are based on inte- 
gration assembly and checkout and launch site 
processing requirements. The major program 
milestones are: 

Milestone Timeline 

Program Requirement Review Aug 93 

Contract Authority t o  Proceed Oct93 

Program Design Review Mar 94 

Critical Design Review Feb 95 

Core Module /Aft Fuselage Mate Oct 98 

Flight Readiness Firing Aug 99 

Space Station Launch Sept 99 

Schedule reserve has been built into the 
milestones leading to the Option C launch date of 
September 1999. After the initial launch, subse- 
quent milestones are accomplished as follows: 

Milestone 28.8 51.6 
Degl.ee =sl.ee 

Permanent Human Nov99 Nov99 
Presence Capability 

International Permanent Dec 00 Oct 01 
Human Presence 

Permanent Human Jan01 Novo1 
Capability 

(3rd Photovoltaic 
Module) 

The Option C flight manifest is shown in 
Tables 32 and 33 for orbit inclination of 28.8 
degrees and 51.6 degrees. 
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Table 32 
Option C - launch sequence - 28.8 degree inclination 

MLE FLIGHT LAUNCH LAUNCH MANIFEST LAUNCH USER RACKS 
STONE # DATE TYPE VEHICLE WREMENTS TOTAL 

SLCS 1 

2 

3 

PHPC 4 

5 

6 

7 

8 
9 

10 

11 

12 
PFP 
PHC 

Sep-99 

Sep-99 

ocl-99 

Nov-99 

Feb-00 

Apr-00 

May-00 

Aug-00 

OCl-00 

Nov-00 

Dec-00 

Jan-01 

SLCS = 
PHPC = 
I M P  = 
A s s M =  
LOG = 
SPDM = 
MPLM = 

ASSM CORE STATION 

ASSM CRYO. SOYUZ 1. SPDM 

ASSM SOYUZ 2. BATTERIES 

ASSM USER RACKS. SUPPLIES 

ASSM SUPPLIES a USER RACKS 

ASSM JEM MODULE 

USERROG SUPPLIES, USER RACKS, BATTERIES 

USERROG SUPPLIES a USER RACKS 
ASSM APM MODULE 

LOG SUPPLIES, CRYO & USER RACKS 

ASSM E F ~ E L M  

ASSM PV MODULE 

SHUTTLE DERIVED 6 6 

SHUTTLE 

SHUTTLE 

SHUTTLE 7 1 3  

SHUTTLE 9 2 2  

SHUTTLE 

SHUTTLE 

SHUTTLE 
SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SINGLELAUNCH CORESTATION JEM = JAPANESE EXPERIMENT MOWLE 
PERMANENT HUMAN PRESENCE CAPABILITY APM = ATTACHED PRESSURIZED MODULE 
INTERNAnONAL PARTNERS HUMAN PRESENCE EF = EXWSEDFAClllTY 

LOGISTICS FLIGHT PV = PHOTOVOLTAIC 
SPECIAL PURPOSE DEXTEROUS MANIWLATOR INCR = INCREMENT 
MINI-PRESSURIZED LOGISTICS MODULE PHC = PERMANENT HUMAN CAPABILIlY 

ASSEMBLY FLIGHT ELM = EUROPEAN Lf f i i sncs  MODULE 

Table 33 
Option C - launch sequence - 51.6 degree inclination (aluminum lithium external tank) 
MILE FLIGHT LAUNCH LAUNCH MANIFEST LAUNCH USER RACKS 

STONE # DATE TYPE VEHICLE INCREMENTS TOTAL 

SLCS 1 

2 
3 
4 

PHPC 5 

6 
7 

8 
9 

1 0  

1 1  

1 2  

1 3  

1 4  

15 '  

16 

IPHP 1 7  

PHC 1 8  

Sep-99 

Sep-99 

Sep-99 
Nov-99 
Nov-99 

Dec-99 

Feb-00 

Apr-00 

May00 

Aug-00 

ocl-00 

N0v-00 

Dec-00 

Feb-01 

May-01 

AugOl 

ocl-01 

NOV-OS 

ASSM CORE STATION 

ASSM CRYO. SPDM. BATTERIES 

ASSM SOYUZl 
ASSM SUPPLIES, USER RACKS 
ASSM SOYUZ2 

ASSM 
ASSM SUPPLIES, JEM SYSTEM RACKS 

USER USER RACKS 

USERROG SUPPLIES & USER RACKS 

USERROG SUPPLIES (L USER RACKS 

LOG CRYO. SUPPLIES 

LOG SUPPLIES (L USER RACKS 

ASSM 

ASSM SUPPLIES 6 USER RACKS, 

LOG SUPPLIES & USER RACKS 

LOG SUPPLIES 6 USER RACKS 

ASSM EF&ELM 

ASSM PV MODULE 

JEM MODULE W/ SYSTEM RACKS 

ESA, APM-6 W/ SYSTEM RACKS 

APM SYSTEM RACKS 

SHUTTLE DERIVED 6 6 

SHUTTLE 

RUSSIAN 
SHUTTLE 5 11  

RUSSIAN 

SHUTTLE 
SHUTTLE 10 2 1  

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SHUTTLE 

SLCS = SINGLELAUNCHCORESTATION JEM = J4PANESEEXPERIhfENTMOWLE 
PHPC = PERMANENT HUMAN PRESENCE CAPABILITY APM = ATTACHED PRESSURIZED MODULE 
IPHP = INTERNATIONAL PARTNERS HUMAN PRESENCE EF = EXWSEDPACILIN 

LOG = LOGISTICSFLIGHT PV = PHOTOVOLTAIC 
SPDM = SPECIAL WRWSEDUITEAOUSMANIPULATOR INCR = INCREMENT 
MPLM = MINI-PRESSURIZED LOGISTICS MODULE PHC = PERMANENT HUMAN CAPABILITY 

ASSM = ASSEMBLYFLIGHT ELM = EUROPEANLOG~S~CSMOWLE 
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Space Station Freedom 
Requirements Not 
Incorporated 

The Option C Space Station is tailored along the 
requirements for the Space Station Freedom pro- 
gram and in all cases meets the derived safety 
and user requirements. There are numerous 
cases in Space Station Freedom program docu- 
mentation where the requirements are design- 
dependent and not applicable to the Option C 
design. Major differences include: 

Interfaces with International Partners 
are met functionally; the detail technical 
interfaces will require re-negotiation. 
Solar arrays will be nonarticulating 
rather than utilize rotary joints to track 
the Sun. 

30 kW of continuous power is provided to 
users only in solar inertial flight mode. 
Flight operational software will use the 
W S  high-order language maintained 
for Space Shuttle program instead of 
Ada. 
Data management system protocols will 
utilize Space Shuttle and Spacelab 
telemetry formatting conventions (time 
division multiplexing) rather than inter- 
national standard protocols. 
Use of a Space Shuttle-derived vehicle for 
the initial launch. 
Support only one channel of downlink 
video at a time. 
Nadir viewing supported in local-vertical 
flight mode. 
No airlock for Space Station; all extrave- 
hicular activity is orbiter-based. 
The mobile transporter is not required. 
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Deployed solar array 
wingspan 

Crew accommodations 

Flight duration 

Russian Participation 

~ ~ 

34.8 feet 

1 to 3 persons 

3.2 days autonomous; 
180 days docked to Mir 

Introduction 

After consulting with the International Partners 
concerning the scope of discussions, NASA invit- 
ed the Russian space agency as well as several 
Russian aerospace contractors to  come to Crystal 
City for consultations on a variety of subjects. 
The Russians sent 15 engineering experts to 
brief the Station Redesign Team on their experi- 
ences with long-duration space flight and to 
assist the team in assessing the capabilities and 
use of Russian systems. Discussions were held 
on the capabilities of their launch vehicles, 
Soyuz spacecraft, rendezvous and docking sys- 
tems, and environmental control and life support 
systems, as well as Mir operations and science. 

This section discusses Russian systems that 
have been baselined for use in the station 
redesign options, the Soyuz assured crew return 
vehicle and the androgynous peripheral docking 
assembly. I t  also covers Russian environmental 
and life support systems, the automated ren- 
dezvous and docking system and use of Mir for 
early science activities. 

Common Option Considerations section of this 
report, and in Appendix E. 

Russian launch vehicles are described in the 

Soyuz 

The Soyuz spacecraft has been in service since , 

1967. This space system has flown over 70 mis- 
sions and is in its third evolutionary configura- 
tion. NASA completed a preliminary technical 
feasibility study in 1992 which determined that 
the Soyuz can be modified for use with the Space 
Station as an interim assured crew return vehi- 
cle. 

Soyuz crew members are currently required 
to wear pressure suits to protect against possible 
cabin pressure loss, as occqrred during an early 

mission of the original Soyuz. This requirement 
is undesirable for an ill or injured crew member 
or for a rapid crew escape mission. 

Soyuz Design Parameters 

Modules Orbital Module, Descent 
Module, Instrument 
Module 

15,583 pounds 

Length 23 feet 

Diameter I maximum diameter of 8.9 I feet 

The Soyuz can nominally accommodate a 
crew of three, or a crew of two when considering 
return of an ill or injured crew person with room 
for medical equipment. For a four-person Space 
Station this drives the need for two vehicles at 
the Space Station with a combined continuous 
stay-alive power requirement of 460 to 880 
Watts. 

The Soyuz can target to a point 35 nautical 
miles to either side of its ground track and land 
within an area, based on dispersions, of plus or 
minus 16 nautical miles. The S o p  is not recom- 
mended for a water landing. A Space Station 
inclination of 28.8 degrees forces landing outside 
of the United States. Australia would be the 
prime landing site. The communications system 
employed for Soyuz would have to be modified to 
be compatible with the NASA Tracking and Data 
Relay Satellite System or ground stations. The 
Soyuz is not designed for full autonomy; the 
state vector and deorbit targeting are developed 
on the ground and typically uplinked through 
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Mir to the Soyuz and are required to be less than 
24 hours old for reasonable accuracy. Typically 
the Soyuz retains enough consumables for two 
days of orbit cperations before reentry. 

extended from the current six months to approxi- 
mately two to  three years by modifications to the 
battery, environmental control and propulsion 
systems. 

to adopt a "no space suit" entry mode as normal 
assured crew return vehicle operations. Cabin 
pressure equalization and oxygen venting will 
require some hardware changes. In a more gen- 
eral operations approach, the Soyuz assured 
crew return vehicle operations would be under 
the control of the NASA Mission Control Center 
with detailed technical support provided through 
a communication link with the Russian Flight 
Control Center. 

The Soyuz will require power, thermal, data 
and other interfaces with the station. All conver- 
sion equipment required for compatibility of the 
Soyuz with Space Station subsystems would be 
housed in an adapter, minimizing modifications 
required to  both the SoyUz and the Space 
Station. These modifications are currently being 
evaluated by NASA and Russian engineers. 

Ongoing studies deal with integration of 
Soyuz in the Space Shuttde payload bay, as well 
as modification of Kennedy Space Center facili- 
ties to accommodate the Soyuz as a Space 
Shuttle payload. Although the analysis is incom- 
plete, for purposes of this study, it is assumed 
that two Soyuz vehicles will fit in the payload 
bay. 

nation orbit, the best delivery solution would 
probably be via a Soyuz launch vehicle either 
with or without a crew. Since no Russian launch 
vehicle can deliver the Soyuz to 28.8 degree incli- 
nation orbits, the Space Shuttle would be the 
delivery vehicle. 

Studies indicate that the service life can be 

NASA and the Soyuz contractor, have agreed 

Finally, for delivery to the 51.6 degree incli- 

Rendezvous, Proximity 
Operations and Capture 
System 

The following Russian capabilities which utilize 
an automated rendezvous, proximity operations 
and capture system have potential application in 
the Space Station redesign options: 

Use of the Soyuz for the transport of crew 
to and from the Space Station to comple- 
ment the Space Shuttle or to serve in a 
contingency situation if the Space 
Shuttle were not available. 
Use of the Progress M resupply space 
vehicle for material, equipment and con- 
sumable delivery. 
Use of the androgynous peripheral dock- 
ing assembly for the Space Shuttle, 
Soyuz and Progress M vehicle capture. 
Delivery of large modules to the Space 
Station using expendable launch vehicles 
and automated rendezvous and docking 
or grapple for berthing. 

The Soyuz and Progress spacecraft and 
Russian Space Station modules nominally per- 
form automated rendezvous and docking with 
Mir. The system is reliable and operationally 
proven in use eight years with over 60 dockings. 
The ground operators and onboard crew closely 
monitor this automated rendezvous and docking 
system and provide corrective actions for selected 
contingencies to  insure reliability, safety and 
mission success. 

The Russian automated rendezvous and 
docking system consists of guidance, navigation 
and control software, computer and navigation 
sensor hardware, docking mechanism, systems 
redundancy management, and fault detection, 
isolation and reconfiguration. The automated 
rendezvous and docking system is essentially the 
same in the Soyuz crew transport and Progress 
M resupply spacecraft and on modules for deliv- 
ery to  Mir. 

NPO Energia recently conducted its first 
space flight test of the androgynous peripheral 
docking assembly with the successful docking of 
a Soyuz spacecraft t o  Mir. The androgynous 
peripheral docking assembly was developed for 
docking the Russian space shuttle Buran with 
Mir but to  date this has not been accomplished. 
Both the Soyuz and Progress vehicles nominally 
use a probe and drogue docking mechanism. 
Replacement of the probe and drogue with the 
androgynous peripheral docking assembly will 
potentially permit the use of a common system 
for both the Russian Soyuz and Progress and the 
United States' Space Shuttle. NASA is currently 
evaluating this system for use on the Space 
Station. Recent analysis suggests a significant 
modification may be required to ensure loads 
compatibility with the Space Station Freedom 
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based designs. For purposes of this study, the 
modified androgynous peripheral docking assem- 
bly is baselined for all three design options. 

Environmental Control and 
Life Support System 

The Russian space program has accumulated 
almost 20 years of Space Station life support 
experience. An evolutionary design approach has 
been utilized to modify systems based on opera- 
tional experience. The Mir potable water recov- 
ery system is a much improved version of a simi- 
larly designed recovery system first used on 
Salyut 4 in 1974. In other cases, life support 
design solutions were driven by available 
resources and capabilities. Systems are designed 
to minimize power requir'ements since power is 
limited on Mir, and to minimize logistics since 
the upmass and downmass capabilities of the 
Progress and Soyuz resupply vehicles are limit- 
ed. 

To minimize logistics, Mir utilizes a number 
of regenerative life support systems. Most of 
these systems are sized to support a normal crew 
of two or three. Thermal cooling is provided for 
most life support components by a water glycol 
system. Exceptions include high power equip- 
ment such as the condensation collection system 
which uses freon as a coolant. Most elements 
operate in an autonomous.mode with only a min- 
imal number of sensors used to monitor system 
health. Life support functions are compartmen- 
talized on Mir with dependent systems located in 
the same module. Potable water is only available 
at a single location and air ventilation is provid- 
ed by ducts which run inside the cabin and 
through hatch openings. 

ly measured on-orbit. Real-time monitoring is 
used to determine the concentrations of oxygen, 
carbon dioxide, hydrogen and water in the cabin 
atmosphere, but the presence of other potential 
trace contaminants cannot be detected. Air filter 
samples and air samples from returning Soyuz 
spacecraft are analyzed to determine the overall 
cabin atmosphere quality. Drager tubes can be 
used in emergencies to determine if one of four 
preselected contaminants is present in the cabin 
(e.g., one tube can detect propellant leaks in the 
cabin). Water samples are also returned to Earth 
for analyses approximately every six months by 

I 

Water and air quality on Mir are not routine- 

returning Mir crews. In situations where there is 
suspicion regarding potable water quality, on- 
orbit total microbial content analysis can be per- 
formed. 

Overall, the information collected to date on 
the life support equipment has been insufficient 
to perform a complete assessment, therefore fol- 
low-up reviews are required. To perform a valid 
comparison of United States and Russian life 
support systems, detailed documentation outlin- 
ing design requirements, operational perfor- 
mance requirements and measured value, test 
conditions, test results and analytical methodolo- 
gies will be needed. Selected systems should 
undergo a 6 to 12 month test program at the 
same facilities where the current Space Station 
life support hardware is being developed to 
enable an adequate comparison. At the end of 
this ground test program a decision could be 
made to flight test the most beneficial systems 
and utilize these systems as a testbed on the 
Space Station. 

Mir Utilization 

The Space Shuttle is scheduled to fly to Mir in 
1995. A United States astronaut will have been 
onboard Mir for three months participating in 
several United States and American life science 
experiments. This astronaut will then return to 
Earth, with one or two cosmonauts, in the Space 
Shuttle. Additional Mir capabilities for the con- 
duct of a scientific program expanded from the 
baseline Space Shuttle and Mir program are 
being explored. This enhanced program could 
include the following: 

Flight of one United States crew member 
on Mir, twice per year through 1997 
(approximately the end of life for Mir) 
Placement of United States payloads on 
Mir in the Spektr and/or Priroda mod- 
ules, with an emphasis on life sciences. 
Placement of the payload onto Mir could 
occur as early as 1995 and the data 
would be collected through 1997. 
Use of the Space Shuttle to extend the 
life of Mir and enhance its capability to 
perform useful science and technology 
research. 
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The following options for United States pay- 
load accommodation on board these Mir modules 
were considered: 

Use of available payload space on Spektr. 
Approximately 1 kW, 100 kg, and 2-3 
cubic meters of volume could be available 
for United States payloads; launch and 
operations could dccur in January 1995, 
preceding the Space S h u t t l a i r  mission, 
depending on payload availability. 
Payloads requiring crew members as test 
subjects or other crew interaction for 
operation would be moved from Spektr to 
the Mir core module for operation. 
Use of available space on Spektr and 
retrofit of Priroda as a research laborato- 
ry. Less than 2 kW, 1500-2000 kg, and 5- 
6 cubic meters of volume could be avail- 
able for United States payloads. 

Launch of Spektr and operations would occur 
in January 1995, and launch of Priroda would 
occur in the third quarter of 1995, depending on 
payload availability. 

detailed list of United States payloads for accom- 
modation in Spektr and Priroda and will report 

, The Russian Space Agency has been given a 
I 

back on the results of their analysis in the next 
few weeks. 

Scientific objectives under consideration for 
the enhanced Space S h u t t l a i r  program 
include: 

1. Understanding of health risks from long- 
duration missions 

2. Determination of trends in adaptations to 
long-term space flight and implications to 
postflight performance 

3. Validation of existing countermeasure effec- 
tiveness 

4. Understanding plant physiology and seed-to- 
seed development in space 

5. General gravitational biology 
6. Effects of long-term space flight on piloting 

skills 
7. Biotechnology 
8. Acceleration and vibroacoustic mapping 

NASA and the Russian Space Agency are 
both exploring the possible implementation of a 
program to use the Space Shuttle to support 
enhanced Mir operations and improve science 
and engineering research. 
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Operations 

Introduction 
I 
I The Station Redesign Team developed an opera- 

tions concept that  supports the redesign effort 
and reduces the operating costs by a factor of 
two from the current Space Station Freedom 
Program estimates. This approach, which 
achieved significant changes in the operations 
concept and even more significant reductions in 
operations costs, was developed by a multicenter 
cooperative team. 

The operations budget pays all program 
costs from the time that flight hardware is deliv- 
ered to the Kennedy Space Center for prelaunch 
processing. This budget also pays for all pro- 
gram spares. The operations and utilization 
capability budget pays for the development costs 
associated with implementing much of the oper- 
ations activity. 

Space Station Operations 
Concept 

The first priority is to maintain the health and 
safety of the Space Station crew and the integri- 
ty of the Space Station. The second priority is to 
ensure the user community and the 
International Partners are provided with a capa- 
ble orbiting research laboratory while balancing 
cost, user support capability and schedule with- 
in the constraints established. 

Overview 

Success of the Space Station as an orbiting 
research laboratory will be determined over its 
10 year operational life, not on one specific mis- 
sion, flight or experiment. The Space Station 
will have a 24-hour autonomous survival capa- 
bility without crew or ground intervention. This 

. is critical to reducing operations costs because 

training and ground monitoring and control can 
be kept to a minimum. 

The Space Station must be designed to allow 
for incremental failures that permit operations 
to continue. This graceful degradation of systems 
is a fundamental requirement throughout the 
design process. Therefore, in addition to redun- 
dancy in critical systems, adequate spares must 
be available on board. Probability versus possi- 
bility risk analysis will be utilized in on board 
system design and in formulating Space Station 
command and control guidelines and training 
priorities. 

The Space Station crew will be on-orbit for 
extended periods of time. This provides an oppor- 
tunity to  obtain scientific data without the pre- 
sent timeline constraints of Space Shuttle and 
Spacelab missions. If noncritical systems or sci- 
entific experiments fail and cannot be repaired 
on-orbit, then replacement units or spares are 
sent on the next flight. An assured crew return 
capability will be available at all times a crew is 
on board the Space Station. 

Command and Control 

A structured flight crew organization is used to 
coordinate and accomplish planning, mission 
objectives and other duties. The crew comman- 
der will have final authority and responsibility 
for all activities conducted on board the Space 
Station. Mission planning will be conducted on 
the ground with the mission objectives modified 
as necessary based on scheduled and periodic 
updates and on inputs from the user community. 
The crew has the flexibility and the autonomy 
necessary to  conduct their o w n  activities and 
scheduling. A cyclic pattern of established opera- 
tions will also be utilized for most activities. This 
cycle will include periods for maintenance, 
housekeeping, rest and recreation. 

The operations director, as head of the 
Mission Control Team, is responsible for the 
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real-time implementation of overall operations 
within the framework of the mission rules. The 
operations director has final authority and 
responsibility for all ground actions to ensure 
crew safety and vehicle integrity. A Space 
Station Mission Management Team, which 
includes representatives of the users and 
International Partners, provides programmatic 
guidance to the operations director. 

There will be both a crew and an automated 
onboard capability to monitor and control all 
safety critical functions during normal and con- 
tingency operations without ground support. The 
Space Station design allows the manual override 
of critical systems by the crew. Similarly, these 
systems are monitored and can be controlled at 
the Space Station Control Center. 

The Space Shuttle Flight Control Team will 
control all Space Station activities during the 
assembly phase, when the Space Shuttle is on- 
orbit. The Space Station Control Center will 
assume control for all proximity operations after 
permanent human presence capability is 
achieved. The Space Station Control Team will 
control the Space Station at other times. 

During untended operations, the Space 
Station design provides for ground monitoring 
and limited control by a small mission control 
team. This ground team will manage telemetry 
and command systems, adjust Space Station atti- 
tudes and the orbit and ensure the proper opera- 
tion of environmental and pressurization sys- 
tems. During human tended operations, the 
ground team will be augmented on the prime 
shift to perform systems and resources trend 
analysis and to provide the planning interface 
between onboard scientists and their ground 
research counterparts, located remote to the con- 
trol center. 

Payload Control 

On-orbit research control will be under the juris- 
diction of the Space Station commander. The 
crew commander will designate a payload crew 
member to serve as lead manager of payload 
planning, scheduling and operations. This crew 
member will coordinate payload activities with 
the Payload Operations and Integration Center. 

Streamlined and responsive payload opera- 
tions support to users will be provided through 
one research and science control facility. 

Researchers and principal investigators around 
the world will operate as an extension of the sci- 
ence control team and will be provided with com- 
mand and data services. Direct voice communica- 
tion with the astronauts performing their 
research tasks will be enabled as required. 

Sustaining Engineering 

The sustaining engineering force of past pro- 
grams, which was comprised of a significant car- 
ryover of development contractors, will be 
replaced by a small cadre of NASA and special- 
ized contractor personnel. Their goal will be to 
ensure that the Space Station and its systems 
provide a safe and reliable on-orbit laboratory 
facility with the capability to support the evolv- 
ing research objectives while controlling the cost. 
This cadre also forms the core of the team that 
can be called upon to address the resolution of 
Space Station anomalies. 

Maintenance 

Maintenance will be limited to orbital replace- 
ment units for most systems. The onboard crew 
will be trained in the operation, troubleshooting 
and repair of systems required for crew or Space 
Station survivability. A mission essential list 
shall be developed, identifying those subsystems 
that are critical to allowing the mission to contin- 
ue. This mission essential list will determine the 
requirements for spares, redundancy and train- 
ing. Critical systems will have built-in redundan- 
cy but spares may be required for certain desig- 
nated items. However, no system will be 
designed to preclude repair or  maintenance 
access. Reliability and quality assurance func- 
tions will become integral parts of the mainte- 
nance fbnction. 

experiments will be accomplished using remote 
manipulators when possible. Extravehicular 
activity will be accomplished by astronauts 
brought up by the Space Shuttle. For Options A 
and B, Space Station astronauts will receive 
basic extravehicular activity training for contin- 
gency. Due to the relatively low amount of exter- 
nal equipment, Option C is baselined without an 
airlock, so all extravehicular activities must be 
performed from the Space Shuttle. 

External replacement or repair of systems or 
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Operations Support Functions 
The goal of these support functions is to provide 
the most productive and cost-effective payload 
utilization while ensuring vehicle and crew safe- 
ty. The subsequent sections discuss the content 
of these functions and describe the steps neces- 
sary to achieve the cost reductions presented in 
the Cost Section of this report. 

Utilization Operations 

Utilization operations encompasses the payload 
functions from the initial definition of the pay- 
load for flight through the onboard operation and 
return of the data to the user. Utilization and 
operations requirements, plans and activities 
must be integrated across the NASA centers and 
the International Partners. The streamlining 
and downsizing of the management and integra- 
tion of this overall process at the program level 
are discussed in the Management Section of this 
report. 

Payload operations begins with assisting the 
user in the process of planning. Payloads opera- 
tions also includes the development of operations 
documentation, training of the flight and ground 
teams, including the users, and executing the 
planned mission to meet the needs of the user. 
The science and technology communities which 
form the Space Station users will operate and be 
accommodated in a process similar to the recent 
Spacelab missions where payload activities were 
integrated by the users. The users will operate in 
a streamlined mode from their home facilities. 
Payload commands will be routed through the 
Payload Operations Integration Center, the sin- 
gle research and science control facility which 
will coordinate the experiments on the Space 
Station. This center provides 24-hour a day pay- 
load command and control capability for the user 
as  well as voice interface with the crew. The pay- 
load control center team integrates the needs of 
the worldwide user community and works with 
the users and the Space Station Control Center 
team to achieve mission objectives and resolve 
payload conflicts. Researchers and principal 
investigators around the world will operate as an 
extension of the science control team and will 
communicate directly with the astronauts doing 

their research. An example of a research control 
architecture is shown in Figure 104. 

The utilization operations cost reduction 
effort had two major thrusts. First, the payload 
integration process was streamlined and short- 
ened significantly. Second, the planning effort 
was reduced from the Space Station Freedom 
approach to reflect a planning approach where 
success is measured over 10 years. In streamlin- 
ing the payload analytical integration and physi- 
cal integration processes, full advantage was 
taken of the standardized payload accommoda- 
tions, the International Standard Payload Rack, 
and the concept of "express" racks where the user 
can be assigned as late as 11 months before 
launch for simple payloads. An express rack 
accommodates payloads which are preintegrated 
into subrack enclosures, such as drawers or lock- 
ers, that plug into standard interfaces in the 
rack. Significant cost savings were found by 
reducing the payload analytical integration 
schedule span from three to five years to 24 
months. Express rack payloads allow further 
decreases in premission support. The premission 
planing template was reduced from 24 to 12 
months. 

During the mission, relaxed planning for 
scheduled activities avoids the need for extensive 
and costly real-time support. If an activity is not 
accomplished, i t  can be rescheduled for another 
time depending on the situation. For the human- 
tended assembly and utilization flights, opti- 
mized replanning will be accomplished, but will 
occur on a 24-hour cycle. For the untended and 
permanent human capability phases, replanning 
is accomplished on a weekly cycle, or sooner, 
depending on the magnitude of the change. This 
planning philosophy will lower operations 
staffing costs by reducing the number of itera- 
tions required to develop a typical planning prod- 
uct and the number of increments in the plan- 
ning template at any one time. 

will provide full time team support during 
human tended and utilization flights and will 
provide a lower level of support during the 
untended and permanent human presence capa- 
bility phases. In all cases, the team staffing has 
been reduced from that of previous Space Station 
Freedom plans. Staffing reductions are shown in 
Table 34. 

i 

The Payload Operations Integration Center 
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Figure 104 
Research control architecture 

Table 34 
Payload Operations and Integration Center team reductions 

I Payload operations and Integration Center I 

Proposed 12 peopleJ3 S h i h  I Proposed 18 peopld2 shifts 
23 peopldl shift 

Space Station Operations 

There are four basic elements in Space Station 
operations: 1) command, control and direction of 
Space Station operations, 2) systems trend moni- 
toring and assistance to the crew on problem res- 
olution including support on software and hard- 

ware anomalies, 3) joint effort with the Payload 
Operations and Integration Center on advanced 
planning and on planning updates during on- 
orbit operations, and 4) mission management 
input as  operations unfold and adjustment or 
refinement of mission objectives and priorities is 
required. 
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The Space Station Control Center is respon- 
sible for controlling and supporting system oper- 
ations from the ground. I t  supports continuous 
operations of the Space Station and can also con- 
currently support a simulation with the Space 
Station Training Facility or systems testing. The 
testing can be with prelaunch Space Station ele- 
ments at the Kennedy Space Center or with the 
Central Software Facility. During untended oper- 
ations, uplink command and control will be exer- 
cised to  manage communications and data sys- 
tems, adjust attitudes, reboost the Space Station 
and to control environmental and pressurization 
systems. New technology, including expert sys- 

I 

Untended Space Station 
Previous 21 peopld3 shifts 

naining 

Permanent Human Presence 
Previous 36 peopld3 shifts 

A structured training plan, which provides an 
effective and systematic process, will be devel- 
oped for each training phase. The training plan 
will be based on a detailed risk analysis which 
concentrates on probability versus possibility to 
determine the optimum failure response training 
profile. This is in contrast to  the Space Shuttle 
training for both flight and ground crews which 
evolves around time-critical, mission scenarios 
that involve multiple failure modes. Training can 
be modified or  reduced considerably and will 
therefore be knowledge and proficiency based 

rather than driven by timeline and detailed pro- 
cedures rehearsal. As in past programs, person- 
nel will be trained for all time-critical proce- 
dures. The projected training cost reductions 
from those estimated for Space Station F’reedom 
were made by using the decreased time criticali- 
ty of real-time operations to drive an overall 
reduction in training requirements for the crew 
and ground controllers. This, in turn, allows 
reductions in the training staff, and in the 
demand on the training facilities. Reduced time 
criticality not only minimizes training require- 
ments, but also allows for greater reliance on 
part-task training and on-the-job training for 
mission controller familiarization. 

Training resource requirements will also be 
reduced by developing highly trained flight crew 
cadres in specialized operations areas. For exam- 
ple, flight assignments that feature crew cadres 
specializing in extravehicular activity and in 
robotic arm operations could greatly reduce the 
training workload presented by cross-training a 
significant portion of the total crew population. 

The amount of payload training, as well as 
Space Station systems training, has been 
reduced. Because science return depends on 
operational accuracy, it is not proposed that pay- 
load training for the crew would be reduced 
below the proficiency level required to  assure 
mission success. 

Ground Processing 

Once the flight cargo elements have undergone 
acceptance testing at the development location, 
they will be transported to the Kennedy Space 
Center for ground processing. This includes inte- 
grated testing, interface verification, servicing 
and launch activities. All experiment-to-rack 
physical integration is included in ground pro- 
cessing. 

Table 35 
Space Station Control Center team reductions 

I Space Station Contml Center I 

8 peopld3 shifts Proposed 10 peopld2 shifts I 17 peopldl shift 
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The ground processing or prelaunch and 
postlanding cost reductions centered on opera- 
tions savings in three major areas: contractor 
personnel conversions to civil service, manifest 
adjustments and reductions in facility invest- 
ments. Specific contractor tasks would be con- 
verted to civil servant with no increase in the 
Kennedy Space Center's civil servant ceiling. 
These civil servants would replace approximately 
80 contractors per year and would be diverted 
from other programs such as Space Shuttle. The 
redesign Options A and C project a manifest 
adjustment from the Space Station Freedom 
baseline. These adjustments provide a cost 
reduction because of fewer mission build flights, 
a decrease to four logistics flights per year after 
the international flights, the slip in first element 
launch, and the elimination of the large pressur- 
ized logistics module. In general, ground process- 
ing activities are projected to be performed on a 
two-shift per day, five days per week basis 
through the completion of Space Station assem- 
bly. After assembly completion, processing facili- 
ty activities will be scaled back to one shift per 
day, five days a week. 

Staffing reductions were taken for interna- 
tional flights based on the International Partners 
providing "hands-on" personnel for their ele- 
ments for the initial portion' of the launch site 
processing. Because the station is a 10-year pro- 
gram, no major upgrades to facility systems, 
ground support equipment, computerized check- 
out equipment or data base systems were 
assumed. Only periodic and routine maintenance 
were assumed rather than a wholesale upgrade. 

Smaller scale cost reductions were also iden- 
tified. A combined engineering test team of 
development engineers and Kennedy Space 
Center engineers would cover testing at the fac- 
tory and then at the launch site resulting in 
overall test and checkout staffing decreases. The 
operations and maintenance of the Space Station 
Processing Facility would be split with other pro- 
grams sharing the facility. A concept has been 
developed to require less test, control and moni- 
toring system applications software fot nonrepet- 
itive tasks by performing more manual tasks 
from the workstations. Overall reductions in pro- 
cessing equipment allow decreased personnel. 

Sustaining Engineering 

Sustaining engineering is the postdevelopment 
systems engineering and integration necessary to 
sustain the specification performance and relia- 
bility of Space Station systems. Sustaining engi- 
neering also includes configuration management 
and any associated procurement. 

Space Station modifications and upgrades 
will be treated as new starts. To control cost, it is 
important to minimize any changes to equip- 
ment, systems or software. Space Station modifi- 
cations and upgrades will be implemented only 
for safety or for improving the Space Station's 
ability to  support inflight research capability. 

sustaining engineering model is recommended to 
reduce resource requirements during the mature 
operations phase of the station program. This 
approach would avoid a costly carryover of prime 
contractor, subcontractor and vendor personnel 
into the operations phase. The sustaining engi- 
neering force from the development contractors 
is phased out when design and development is 
completed with the possible exception of a few 
key personnel who would be under retainer-type 
contracts. 

The normal sustaining engineering function 
will be replaced by a small cadre of system 
experts located a t  each development center, to 
support Space Station operations. This cadre of 
civil service personnel would be selected on the 
basis of development program experience. This 
cadre will in most cases have assignments on 
other development projects but will be available 
to consult on Space Station engineering issues. 
This cadre of experts also forms the core force of 
the Space Station Anomaly Team which will be 
activated to provide support for the Space 
Station Control Center Team in the event of mal- 
functions. The Space Station Anomaly Team is 
available, on call, to provide information to either 
the ground or flight crew as conditions warrant. 
This team has the capability to work problems, 
calling on systems experts from both NASA and 
contractors as necessary. All design documenta- 
tion, analyses, etc., will be provided to this group. 

Flight soRware sustaining engineering will 
consist of a limited code maintenance capability. 

A significant departure from the traditional 
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This capability will consolidate all flight software 
activities under a single contract and will resolve 
software discrepancies on a priority basis. 

this concept uses a %build it, launch it and move 
on to the next project" philosophy. The Space 
Station configuration that is in orbit at the start 
of operations is the same as that expected to be 
in orbit after 10 years (and extendible to 15 
years). While critical systems will continue to be 
two-fault tolerant in this scenario, the program 
expects noncontinuous operations or a powered- 
down, safe mode for occasional periods because of 
contingencies or corrective maintenance. 

Engineering test articles or testbeds which 
are representative of actual flight systems will be 
maintained to assist the Space Station crew in 
troubleshooting on-orbit anomalies, in support- 
ing hardware integration for maintenance and 
preplanned program improvements, and in 
assisting the Space Station Anomaly Team in 
responding to  emergency situations. 

The operational environment supported by 

t 
I 

, 

Integrated Logistics 

The cost reductions for Space Station integrated 
logistics result from the elimination of the dupli- 
cation of functions, more efficient repair and 
maintenance processes and risk-managed spare 
reductions. This concept consolidates and elimi- 
nates duplication of management and sub-func- 
tion elements such as facilities and inventory 
management. I t  achieves optimum synergy of 
resources and expertise in Space Shuttle, 
Spacelab, and other payload programs. This syn- 
ergy is achieved through the implementation of a 
Logistics Operations Management Center at the 
Kennedy Space Center which would be the lead 
center for logistics. The Logistics Operations 
Management Center will integrate the functions, 
capabilities and facilities to  optimize full logistics 
support to the Space Station program elements 
and support the incremental transition of overall 
logistics operations from the development organi- 
zations. 

Maintenance and repair costs are minimized 
by a combination of accepting longer repair 
timespans, establishing a maintenance and 
repair capability at the Kennedy Space Center 
which reduces costs of unique test equipment, 
documentation and training, and using original 
equipment manufacturers or other certified 
industry repair resources. 

Initial spare procurements will be based on a 
priority order with Space Station and crew sur- 
vival, ground processing criticality and sufficien- 
cy level as key criteria. The logistics approach 
also defers the follow-up procurement of replen- 
ishment spares and repair parts to post-fiscal 
year 2000, and minimizes staffing support for 
logistics. 

Facility Support 

To reduce facilities and operations support sys- 
tems costs, multiprogram common support is 
being pursued wherever practicable. The Space 
Station Control Center, the front end data pro- 
cessing and the major trajectory and flight plan- 
ning systems will have systems in common with 
Space Shuttle. 

make maximum use of Spacelab and payload 
capabilities already in place. Major initiatives 
are underway to reduce cost through the consoli- 
dation of test, verification and training facilities. 

The Space Station Control Center facilities 
savings are based on a slip in first element 
launch; a reduction in the number of operating 
positions and workstations; a reduction in the 
round-the-clock ground data systems support; 
and a reduction in overall requirements on the 
facility to  support nonmission activities such as 
simulations, network tests and system testing. In 
addition, facility maintenance and operations 
support costs are reduced through consolidation 
with Space Shuttle and Spacelab program sup- 
port. Use of commercial off-the-shelf software in 
development of all Space Station operations facil- 
ities reduces development and recurring opera- 
tions costs. 

A significant reduction in program costs is 
the convergence of the Space Station Verification 
and Training Facility and the Central Testing 
Facility into a single architecture that services 
the needs of both the engineering and training 
communities. This single facility for both train- 
ing and avionics sustaining engineering would 
require only one set of sustaining and mainte- 
nance personnel. The assessment has shown that 
the number of the full-task simulation rigs can 
be reduced. 

The other major consolidation involves mov- 
ing the Space Station mockups to the simulator 
facility. This concept will save development of 
separate crew stations for the Space Station 

Ground processing and logistics facilities will 

' 
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Verification and Training Facility and will 
reduce the total number of crew stations for the 
program by one. 

sible due primarily to  additional synergism with 
the shuttle and Spacelab program systems plus 
the fact that the option does not launch any 
assembly flights during the '1 994 through 1998 
costing window reducing the training and opera- 
tions preparation buildup. The steady state 
operations costs run about twenty percent less 
for Option C. Commonality in avionics systems 
between shuttle and Option C resulted in allow- 
ing one shuttle training base to  be converted to 
station use, reduced need for new control center 
architecture for payload and systems operations 
and allowed significant credits to  be applied in 

For Option C additional reductions were pos- 

Operations Development 

Significant cost reductions in the development 
budget were achieved by consolidation of the pay- 
load and mission operations training facilities 
and by a similar consolidation of control center 
facilities. Further development savings were 
achieved through the convergence of the avionics 
and test facility with the training facility. In 
addition to these savings in the Space Station 
budget lines, the phasing of related activities in 
the Space Shuttle and Spacelab programs can 
result in parallel savings in those program bud- 
gets. 

The cumulative operations and development 
cost savings through fiscal year 2000 resulting 
from the Station Redesign Team effort are sum- - 

sustaining engineering and logistics spares and 
related test facilities both at development sites 
and reduced complexity at the ground processing 
site. Option C also uses significantly less flight 
software, which results in reduced software 
maintenance activity. 

marized in Table 36. 

Table 36 
Operations cost reduction 

Cumulative Operations CostReductionThrough FY2000 

Operations Functions Percent of Program Operating 
Plan 92-1 

Baseline Costs 

Mission Operations and 
Payload Operations 

Sustaining Engineering 

Logistics 

Operations Ground 

Management and Integration 

35 

18 

19 
7 
- 21 

100 

Operations Development Percent of Program Operating 
Plan 92-1 

Baseline Costs 

I Mission and Payload 
Operations 

25 

Percent Reduction from the 
Baseline by Function 

Options N B  

38 

65 
51 
44 

66 

C 

47 

80 
76 
61 

66 

Percent Reduction from the 
Baseline by Function 

38 
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Management 

1 Introduction 

Current Management and Contract 
Structure I 

The responsibilities for the Space Station 
Freedom Program are distributed among the 
Associate Administrator for Space Systems 
Development, the Space Station Director (Level 
I), the Space Station Freedom Program Ofice 
(Level 111, and three NASA center project ofices 
(Level 111) (Figurel05). The Space Station 
Freedom Program Ofice, located in Reston, 
Virginia, has overall management and integra- 
tion responsibility for the program. Grumman 
Aerospace Corporation is the Level I1 Space 
Station Engineering and Integration Contractor 
and is responsible for providing level-of-effort 
support to Level I1 for analysis and verification 
activities, requirements definition and design 
integration. 

Three NASA centers have been designated 
as work package projects, each using a different 
prime contractor. Each center is responsible €or 
managing the delivery of the flight elements 
and/or the distributed systems for its respective 
work package. Each work package contractor is 
responsible for the development, integration, 
testing and delivery of its flight elements and 
distributed systems. 

Marshall Space Flight Center, manages 
Work Package 1, awarded to Boeing Defense and 
Space Group. Boeing is responsible for the labo- 
ratory, habitation and logistics modules, includ- 
ing life support systems and parts of the con- 
necting nodes. 

Johnson Space Center, manages Work 
Package 2, awarded to McDonnell Douglas 
Corporation. McDonnell Douglas is responsible 
for the integrated truss assembly, mobile trans- 
porter, airlock for extravehicular activity, com- 
munications, data management system, guid- 

ance, thermal control, solar array movement, 
propulsion and ground-training systems. 

Lewis Research Center, manages Work 
Package 4, awarded to Rocketdyne Division, 
Rockwell International. Rocketdyne is responsi- 
ble for the power system, including solar arrays, 
batteries and power distribution equipment. 

a There are over 100 other NASA contracts 
providing development and level-of-effort sup- 
port for crew training, mission design and opera- 
tions, and performing numerous studies in sup- 
port of Space Station systems and processes. 

The Management Challenge 

The Station Redesign Team was tasked to devel- 
op new management approaches for each of the 
three design options and to model the cost sav- 
ings associated with the management changes. 

The basic problem to be solved in Space 
Station management is to develop a set of man- 
agement structures and processes that is effi- 
cient enough to execute the program. Eficiency, 
which is the time-money rate at which technical 
content is being accomplished, is not presently at 
or near the point of bringing the overall Space 
Station Freedom Program, cost, schedule and 
content into balance. For example: 

Current Space Station Freedom cost 
variances exceed all available reserves. 
Schedule variances begin accumulating 
within weeks after the schedules are re- 
baselined. 
Decisions cycle through multiloop project 
and program forums and once made, are 
frequently re-visited, or simply not 
implemented due to their difficulty or 
cost. 
The large number of people on the pro- 
gram with overlapping responsibilities 
makes accountability unclear. 
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TOTAL NASA 2220 
TOTALCONTRACTORS 1La59 
TOTAL PROGRAM 19207 

Figure 105 
Current Space Station Freedom management structure 

The turf issues created by this overlap 
impede progress rather than promote it. 
There are integration areas still unac- 
counted for in the contract structure of 
the program. 

Moreover, there are extensive efforts applied 
to integration that are not fundamentally affect- 

management, for example, is applied at the 
Space Station Freedom Program level on docu- 
ments for which the development contractors do 

l ing the development products. Requirements 

I 

I 

not have responsibility. NASA requirements 
changes that do reach the prime contractors fre- 
quently do not reach the subcontractors in a rele- 
vant time frame. Program experience from the 
past several years has shown that the time to 
establish and distribute Tequirements to all prod- 
uct developers (one to two years) is longer than 
the budget period that resets some of the require- 
ments. 

Space Station Management 
Issues 

To identify causes of the Space Station Freedom 
management problems the Station Redesign 
Team conducted extensive interviews with peo- 
ple a t  all levels of the Space Station Freedom 
Program, center directors and center personnel, 
International Partner representatives, senior 
contractor managers as well as outside experts. 
The following causes were identified: 

Budget Instability and Resultant 
Redesign 

Budget stability has been a hallmark of success- 
ful Government programs, but has been difficult 
to  establish on the Space Station Freedom 
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Program. Budget instability was aggravated by 
an initial optimistic costing of the program. This 
led to subsequent redesigns, which led to further 
instability when predicted savings were not real- 
istic. 

Senior Management Instability 

During the first four years of the program, 1984- 

respect to international agreements, work pack- 
age content and system definition, there were 
five different program managers. This instability 
created excessive reviews of prior decisions. 

I 
1988, when critical decisions were made with 

I 

Complicated Interfaces and 
Distributed Integration 

The Space Station Freedom design has many 
highly distributed systems. Space Station 
Freedom partitioning into institutional work 
packages, as opposed to deliverable launch pack- 
ages, has made the interfaces complex and 
unstable. NASA is currently responsible for sys- 
tem integration, however the overlap and gaps 
between work package and program level respon- 
sibilities hampers NASA's ability to perform 
integration effectively. 

Excessive Levels of Management with 
Unclear Lines of Authority 

The multiple levels, lack of clarity in lines of 
authority and overall size of the existing organi- 
zation are illustrated in Figure 105. The current 
system institutionalizes and geographically sepa- 
rates three "levels" of management. The Space 
Station Freedom Program Manager has no direct 
control over the three prime contracts; the three 
work package managers who control these acqui- 
sitions are geographically dispersed and report to  
the center directors. The work packages repre- 
sent an institutional layer of management that 
has been inserted into a program office structure. 

The multiple layers of management have 
resulted in a large, highly layered NASA team of 
approximately 2300 civil servants, interacting 
with and "helping" the contractor. This has 

resulted in poor communication and a prolifera- 
tion of engineering working groups, panels and 
boards. The structure and size of the NASA man- 
agement team drives the contractor workforce in 
two ways. First, the contractor establishes layers 
of management that correspond to the govern- 
ment structure. Second the contractors require 
additional staff to answer the Government's 
demands created by the NASA management 
structure, but not required to do the job. 

Management Principles and 
Selection Criteria 

The Station Redesign Team defined the success 
criteria of the new management organization. 
The new management organization must: 

Manage Cost - cost control, accountability 
and decision processes must be bound together; 
managers cannot focus exclusively on technical 
content. 

management should be minimized; managers 
must be empowered and accountable for timely 
resolution of program issues. 

Establish clear accountability - each job 
must be assigned exactly once. Organizational 
growth must be controlled using clearly defined 
tasks. 

Develop one team - this team must foster 
unity, work t o  eliminate walls between organiza- 
tional units, provide incentives for cooperation, 
motivate trust and develop the awareness of a 
"shared destiny." (Note: this sense of shared des- 
tiny is necessary not only within the station pro- 
gram, but with the shuttle program as well.) 

Establish clean and stable interfaces -this 
effort must partition responsibilities to simplify 
technical and management interfaces. 

Reach timely closure on decisions - layers of 

Recommended Management 
Organization 

Based on the identified problems and the selec- 
tion criteria, the Station Redesign Team propos- 
es a new management organization. The follow- 
ing recommendations of these models apply to 
any of the configuration options and are location 
independent. 



Space Station Redesign Team F i n d  Report 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

Build one NASA team combining project 
and program levels into a dedicated pro- 
gram office with a core line management 
team that reports directly to the program 
manager. 
Build a highly effective team of demon- 
strated performers; establish a direct 
reporting path to the program manager. 
Consolidate budget authority and overall 
responsibility and accountability for the 
program with the program manager. 
Consolidate all of the contracts within 
the program ofice and negotiate to a sin- 
gle prime contractor. This is discussed in 
detail in the Acquisition Strategy portion 
of this report. 
Utilize integrated product teams, follow- 
ing concurrent engineering practices, 
who are responsible for the design, devel- 
opment, safety, quality assurance, verifi- 
cation and on-orbit check-out of launch 
packages. 
Limit the center institutional support 
(matrix support) to in-line tasks or facili- 
ties in well-defined areas where it is 
clearly cost effective. 
Locate the core management team in one 
place to enhance ownership and expedite 
decision process and communication. 
Place a skilled cadre of NASA specialists 
and systems engineers in contractor 
plants. 
Combine the Space Shuttle and Space 
Station Programs under a single 
Associate Administrator. 
Retain the international management 
forums agreed to in the current 
Intergovernmental Agreement and the 
Memoranda of Understanding, specifical- 
ly, the Program Coordinating Committee, 
the Multilateral Coordination Board and 
the Space Station Control Board. Ensure 
the program manager is given both the 
responsibility and authority for imple- 
menting an effective system engineering 
process across international interfaces. 

These management recommendations 
emphasize clear accountability over multiple lev- 
els of oversight. This moves NASA to a higher 

I level of management, with a single check and 
balance in the system through an independent I 
verification and validation activity. 

The management recommendations are 
predicated on the selection of a prime contractor 
who is accountable for the total program perfor- 
mance. This includes cost, schedule and end-to- 
end system performance. The prime contractor 
manages award fee and funding to the subcon- 
tractors. The prime contractor will supply a con- 
tractor change control function which eliminates 
nonessential change and assures proper change 
preparation and coordination. 

It is recommended that the core dedicated 
team contract, on a task basis, to the institutions 
for in-line tasks or  facilities. This matrix effort is 
estimated at approximately 700-800 civil ser- 
vants in all three options. 

The center directors continue to act as a 
Board of Directors for the program. They monitor 
program progress and performance at a high 
level and ensure the program is obtaining the 
required support and priority at their institu- 
tions. The center directors do not, however, have 
implied or real line responsibility for the pro- 
gram. The center directors are not expected to 
sign the Certificate of Flight Readiness for the 
Space Station, but rather ensure due process is 
behind the program manager’s final signature. 
The contract control and monitoring is performed 
by the program ofice with fee determination and 
performance evaluation of the core team the sole 
responsibility of the program line of manage- 
ment. 

The new program ofice could be located at 
one of a number of sites. The term, 
”Headquarters program ofice” is used to describe 
the case where the program ofice is located other 
than at a center (e.g., Reston or Crystal City). 
The main advantage of this option is that it vir- 
tually eliminates center partisanship and creates 
one program team. This approach has been used 
successfully in industry and military programs to 
shiR to new management and operations para- 
digms, but usually at the beginning of a program. 
Its chief disadvantage is that the skill base need- 
ed to execute the program won’t be as easy to 
obtain as i t  would by using a core dedicated ofice 
located a t  the centers. 

The term ‘‘host center” is used to describe the 
case where the program ofice is implemented at 
one of NASA’s field centers. In order for this 
approach to  work at a field center there must be 
a clear definition and understanding of roles 
established between the resident Program 
Manager and the host center director. The 
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advantage of this approach is that the program 
ofice does not have to duplicate administrative 
functions, has  easy access to  an engineering base 
and has a sizable management and engineering 
base from which to draw some of the core team. 

I 
I 
I 

The shuttldstation merge model described as an 
alternative for Option C is a modified version of 
the host center model in terms of its top-level I 

reporting structure. 
The term “lead center“ is used to describe the 

case where the program ofice is located at a field 
center with the center director in the program- 
matic chain of command. Its chief advantage 
over the host center model is the probable “extra 
distance” the lead center director will go to 
ensure program success. This model is well-suit- 
ed for programs that are largely contained within 
one center. However, the Station Redesign Team 
does not recommend this ’model for Space Station 
due to the large international involvement and 
multicenter nature of the work. 

is dependent on the configuration and acquisition 
option selected. In all cases, i t  is recommended 
that a sizable percentage of the core ofice, 20 to 
30 percent, spend significant amounts of time in 
the field at the prime contractor and their sub- 
contractors. 

There should be, at most, one layer of man- 
agement between the Space Station Program 
Manager and the Administrator. Because of the 
strong need to foster shuttle and station synergy, 
all of our options recommend that the shuttle 
and station are combined under a single 
Associate Administrator. For Option C, there is  
an alternative to  combine the two programs 
under one program manager. In either case, 
there is a manager below the Administrator’s 
level who is clearly accountable for solving com- 
bined program issues. 

The most essential features of an efficient 
management structure are co-location and a sin- 
gle chain of command for direction and primary 
appraisal of work. If the Integrated Product 
Team members remain assigned to the field cen- 
ters, we recommend re-examining the personnel 
policies to allow for direction and appraisal of 
work to come through the program chain of man- 
agement. We highly recommend that at least 
three tiers of management below the program 
manager and all program members who control 
development contracts be assigned directly and 
formally to the program office management. 

I 
I 

The specific choice of program ofice location 

Several previous reviews, such as those con- 
ducted by the National Research Council and the 
Committee on the Future of the United States 
Space Program, have recommended that NASA 
establish a dedicated Space Station program 
ofice with the resources and people under the 
line authority of the program manager. 

Core Program Office Structure 
for Options A and B 

The proposed structure and stafing for Options 
A and B are shown in Figure 106. This model is 
based on a contracting approach that names a 
single prime contractor and elevates the NASA 
oversight to a higher level of requirements man- 
agement. NASA integration responsibilities are 
delegated to the prime contractor. System man- 
agement roles are moved from the institution 
into the program ofice where they are account- 
able for balancing cost, schedule and technical 
content. 

Based on these groundrules, a core program 
office is recommended in the range of 300 civil 
servants. Approximately 700 additional civil ser- 
vants would be matrixed to perform in-line tasks, 
manage facilities, plan and perform operations 
and utilization and do logistics and launch pro- 
cessing. I t  is recognized that organizational 
details will differ as a function of key manager 
preferences, however, the organizational features 
that represent team recommendations are sum- 
marized below: 

A single location €or the core manage- 
ment team is emphasized. However, if 
some of the core team are located else- 
where, they continue to report directly to 
the program manager. 
In addition to the core management team 
the institutional skill base is utilized 
(matrixed) in well-defined task areas, 
such as vehicle operations, payload inte- 
gration, launch processing, in-line tasks 
or facilities. This work is product-orient- 
ed and is not focused on directing or mon- 
itoring the development contractor. 

Integration organization maintains the 
total vehicle requirements, which NASA 
manages at a higher level than in the 
current program. This organization man- 

The Systems Engineering and 
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Figure 106 
Proposed management structure for Option A and B 

I 
I 
I 
I 

1; I 
I 
I 
I 
I 
I 
I 
I - .  

ages vehicle level analyses, phases the 
system architectures to each stage and 
allocates resources and functions to each 
launch package. 
The Integrated Product Teams are 
responsible for the functional and physi- 

agement model. The engineering and 
analysis associated with safety reliability 
and verification are in-line responsibili- 
ties of the vehicle manager. The Safety 
and Mission Assurance office advises the 
program manager, but reports directly to 

ral intouratinn nf  oarh laiinrh narkaoo the Safdv nnrl Missinn Acciirnnro 
"U. ... YVb'Y"."" " L  VU-.. IUU1.I.. r.-""ubV. 

This vastly simplifies the verification 
program by organizing around launch 
packages, rather than by systems or 
work packages. The launch package man- 
ager is accountable for resolving any 
competing claims on the development 
activity. A feature of the organization is 
that it has very few layers of manage- 
ment between the program manager and 
the teams responsible for major deliver- 
able-units. 
The current role for an independent safe- 
ty and independent verification and vali- 
dation function is modified in this man- 

".-- -.----J ...-.- -.-----.,-- ---I---.."- 
Directorate at the host center. The role of 
this ofice is oversight and establishment 
of the processes and criteria that must be 
followed to determine that the Space 
Station is safe. Independent verification 
and validation, and policy guidance by 
this group provide the check and balance 
of the vehicle manager's and prime con- 
tractors' efforts. 
The organization is structured to allow a 
smooth transition from development to 
operations. As each launch package 
becomes part of an in-flight stage, some 
of the Integrated Product Team members 
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are phased into the operations organiza- 
tion. 
Payload development activities are part 
of the utilization and science organiza- 
tion. The major funding for flight experi- 
ment facilities such as the furnaces and 
centrifuges are included in the utilization 
and science organization portion of the 
Space Station Program budget. This bud- 
get becomes the formal responsibility of 
the chief scientist who has  a primary 
reporting path to the program manager, 
with a secondary reporting path to the 
NASA chief scientist or the Associate 
Administrator for Life and Microgravity 
Science and Application. 
The International Partners work with 
the safety ofice for establishing consis- 
tent safety standards and processes to 
which engineering activities adhere. This 
is different from the current environment 
in which Partners have separate safety 
criteria which are often the basis for 
divergence in the design. The 
International Partners work with the 
systems engineering and integration 
organization for defining their interfaces. 
As the integrated product teams form for 
the international launches, the 
International Partner work with NASA 
will shift to those teams. On the opera- 
tions and utilization side, the Partners 
will participate with NASA in the vehicle 
operations, and utilization planning, pay- 
load integration and in the logistics and 
launch processing for their systems and 
elements. 

Core Program Office Structure 
for Option C 

Two management structures were developed for 
Option C. The first model shown in Figure 107, 
has a separate program ofice for Space Station 
and Space Shuttle under a combined program 
Associate Administrator. The second model, 
depicted in Figure 108, merges the Space Shuttle 
and Space Station Program under a combined 
program manager. 

Both models share many similarities with 
the management approach described for Options 
A and B. In both approaches, a small, co-located, 

dedicated program ofice is organized using inte- 
grated product teams to manage station develop- 
ment. All of the station contracts are managed by 
this single program ofice. The systems engineer- 
ing and integration function, the integrated prod- 
uct teams, the payload development function, 
International Partner interfaces, independent 
safety and verification and validation are struc- 
tured the same as earlier. The additional func- 
tions needed for the Option C configuration are 
(1) the shuttle system integration function, 
which is needed for integrated launch vehicle 
analyses, and (2) acquisition of shuttle subsys- 
tems and components, which needs to be coordi- 
nated with several shuttle project ofices. To an 
even larger degree than for Options A and B, 
Space Shuttle and Space Station synergy is criti- 
cal for Option C to be successful. 

For the separate station program ofice 
approach, synergy with the shuttle could be fos- 
tered by co-location of the two program man- 
agers, reciprocal program objectives in each of 
their job descriptions, and selecting both pro- 
gram managers in consideration of their poten- 
tial for a strongly cooperative working relation- 
ship. I t  is recommended that the current Shuttle 
System Integration Group matrix into the sta- 
tion program ofice for performing integrated 
launch vehicle analyses. It will be crucial for the 
two programs to jointly develop a work plan cov- 
ering mutual activities and needs and track 
against shared milestones. It is recommended 
that the operations and utilization functions be 
structured and staffed with a clear intention of 
merging the two programs during the operations 
phase. 

In the second management model, synergy 
between the two programs is partially enforced 
by merging the two organizations under one pro- 
gram manager. In this model, i t  is recommended 
that a deputy under the combined program man- 
ager be assigned budget authority and account- 
ability for the development of the station orbital 
vehicle. This added layer of management in the 
field is warranted by the broader span of control 
of the combined ofice. Under this Deputy for 
Station Development, a streamlined, single team 
would manage the orbital vehicle development, 
positioned as a direct reporting project (i.e., non- 
matrixed) within the shuttle and station pro- 
gram ofice. Below the Deputy for station devel- 
opment, the organization would be the same as  
was described for the separate program office. In 
this model, there is potential for greater leverage 
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Figure 107 
Separate office management structure for Option C 

of existing shuttle engineering expertise that 
could be matrixed to the program office in specif- 
ic task areas. Another feature of this model is 
that i t  combines operations and utilization for 
the two programs earlier in the station life cycle. 

These two management models for Option C 
are approximately the same size as as for A and 
B. A core ofice of approximately 250 - 300 is aug- 
mented with another 600 - 800 institutional sup- 
port personnel for in-line tasks and facilities. 
These civil service staffing levels assume that 
NASA manages the contractors at a high level 
specification and limits supporting development 
to critical high risk areas. The additional staffing 
reductions in Option C accrue if Space Shuttle 
subsystems are left unchanged and can be 
ordered from the Space Shuttle parts list. 
Engineering expertise is either moved into the 
program ofice for subsystem management or 

leveraged from the existing shuttle base of exper- 
tise. 

The two management models for Option C 
have reciprocal strengths and weaknesses; with 
either model, considerable management atten- 
'tion will be needed to mitigate its drawbacks. 
The separate station program ofice is more con- 
ducive to promoting and reinforcing new man- 
agement approaches. Changing ways of doing 
business will be resisted less in a separate office, 
than in a combined office. On the other hand, 
efficiency gains of a separate ofice can be offset 
by lack of synergy with shuttle. Problems 
between shuttle and station may percolate up to 
Headquarters more frequently, requiring more 
time and staff for resolution. 

conflict resolution are worked in the field. 
Cooperation between shuttle and station comes 

In the combined program ofice, synergy and 
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Figure 108 
Combined ofice mangement structure for Option C 

about more naturally as the organization rein- 
forces the sense of shared destiny. On the other 
hand, this structure does add another layer of 
management underneath the Associate 
Administrator, increasing the potential for 
uncertain responsibilities and "end runs." 
Approximately half of the Agency's budget would 
be managed within this combined program ofice, 
giving it a n  extraordinary span of control. 
Finally, the existing station management struc- 
ture was patterned after the shuttle; shuttle effi- 
ciency as a development organization is closer to 
where station is now, than to where i t  needs to 
be. In this sense, a combined ofice represents 
the more pessimistic case of management e% 
ciency, and was the model assumed for the 
Option C costing analysis. If this model is imple- 
mented, additional effort and exceptional leader- 
ship will be needed to motivate and implement 

management improvements within the combined 
shuttle and station management team. 

Projected Savings Due to 
Management Restructuring 

To estimate the savings possible with a stream- 
lined management approach we have, (1) identi- 
fied specific areas of overlap, (2) modeled recom- 
mended improvements in the decision process, 
(3) compared metrics from other successful pro- 
grams, and (4) obtained contractor estimates of 
the potential for savings in a more streamlined 
approach. 

In order to understand the order of magni- 
tude of savings that might be expected from the 
proposed management changes, two analyses 
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were performed based on a nominal 1994 devel- 
opment budget for the current program (nominal 
$2.4 billion total budget). We distinguish two 
separate effects on management savings, (1) 
streamlining NASA management and working to 
a high level specification, and (2) consolidating to 
a prime contractor and using Integrated Product 
Teams. 

Analysis #Z 

A parametric analysis was performed using cost 
reduction factors derived from other NASA, mili- 
tary and industry programs. Contractors esti- 
mated their overall efficiency gains in the range 
of 12 t o  15 percent if the program were consoli- 
dated to  a prime contractor and Integrated 
Product Teams were used. This is conservative 
relative to other industry experience. For exam- 
ple, Boeing experienced an 18 percent reduction 
overall on the 777 program post-critical design 
review after implementing a product team 
approach to the program. NASA estimates of the 
overlap in the three prime contractors was in the 
range of 12 to 20 percent. For this analysis, we 
chose a mid-value credit of 15 percent on the 
development and integration contracts. 

In addition, an estimate was made of the rip- 
ple effect or “chum” that the large NASA team 
causes a t  the contractors. This was estimated by 
calibrating against comparable military pro- 
grams at a major contractor. As further support- 
ing data, wraps that are implicit in the cost esti- 
mating relationships for past NASA programs 
were compared to the wraps that the current sta- 
tion program is experiencing. Both of these 
approaches indicated that a 12 to  20 percent 
credit is possible through more efficient manage- 
ment. For this analysis, we chose a conservative 
credit of 12 percent on the development and inte- 
gration contracts. 

These credits are partially offset by the costs 
of additional fee due to moving to a single prime 
and additional fee to cover an incentive fee 
arrangement. The net percentage savings esti- 
mated on the development and integration con- 
tracts is 15 to 20 percent. Expressed as a percent 
of total program costs, which includes operations, 
this is a 13 to  15 percent savings. 

In addition to direct contractor savings, a 
civil service credit is possible, assuming some 
percentage of civil servants released from the 
program could be applied to  activities that offset 

other program costs, such as operations and uti- 
lization. Based on a core program office of 
approximately 300 civil servants, with another 
700 matrixed to perform in-line tasks, approxi- 
mately 1300 civil servants would be available to  
staff positions now anticipated to require support 
contractors. Depending on the percentage of 
placement of these personnel, additional savings 
in the range of two to four percent of total pro- 
gram costs are possible. 

Analysis #2 

An analysis of the possible savings in the base- 
line program was derived by examining specific 
streamlining steps as they would affect budget 
line items. Specific reductions included: (1) 
reducing NASA forums by 80 percent, (2) elimi- 
nating dual loops in the project and program 
review and decision process, (3) reducing the 
number of civil servants on the program and 
directing them through one chain of manage- 
ment, (4) managing requirements at a higher 
level, ( 5 )  simplifying the verification program by 
launch packages, (6) retaining supporting devel- 
opment only for in-line tasks and facilities, but 
not for additional “smart customer” expertise, (7) 
largely eliminating Headquarters and Reston 
contracts. 

age savings in the range of 10 to 23 percent for 
various prime and supporting development line 
items and 60 percent for program engineering 
and integration line items. Both development 
and operations line items were included in this 
analysis. Addbacks included wraps as in the pre- 
vious analysis. The net credit was approximately 
15 percent of total program costs. In addition, 
there is a potential civil service credit in the 
range of two to  four percent, as in the previous 
analysis. 

There is close agreement between the “grass 
roots” model staffing approach and the paramet- 
ric approach. In both cases, the net savings, 
including the civil service credit, is 15 to  20 per- 
cent of total program costs. The ability to realize 
the civil service savings will depend on such fac- 
tors as attrition and skill mix. Savings are likely 
to be lower in the first year due to breakage 
involved with schedule setback and transition to  
the new management model. Finally, savings 
may be reduced given the introduction of these 
management changes midway through the devel- 

These credits were accumulated into percent- 
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opment phase of the program, rather than at the 
beginning. Considering these caveats, we would 
not recommend taking full credit for these cost 
savings up front. The savings estimated in this 
analysis represent targets that  should be set by 
the redesigned Space Station management team. 

Transition Considerations 

Space Station in terms of the redefined NASA 
management structure, the acquisition strategy 
and the associated contract terminations or 
descopings required by the selected redesign 
option. 

The team should be formed soon after com- 
pletion of the redesign effort and must be lead by 
and consist of members who will become part of 
the redesigned Space Station Program. 

1 A dedicated Transition Team will be established 
to plan for the implementation of the redesigned 
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Acquisition Strategy 

I Introduction and Scope 

At the President’s direction, the NASA Station 
Redesign Team has developed three options to 
significantly reduce the costs and to accelerate 
the delivery of a redesigned Space Station. The 
first option, Option A - Modular Buildup, 
makes use of much existing Space Station 
Freedom systems and retains the current con- 
tracts, though reduced in scope and spending 
levels. The second option, Option B - Space 
Station Freedom Derived, makes somewhat 
greater use of existing systems with the goal of 
implementing the Space Station Freedom con- 
cept in a reduced form. As with Option A, 
Option B retains the current contracts at a 
reduced scope, but the levels are not drastically 
reduced. The third option, Option C - Single 
Launch Core Station, essentially abandons 
existing systems and contracts in favor of a new 
concept which maximizes use of the Space 
Shuttle’s capabilities and contracts. This option 
would require the termination of most, if not 
all, Space Station Freedom contracts and build 
a canister-type spacecraft to  be placed in orbit 
by a single launch of a Space Shuttle-derived 
vehicle. 

All of the options under consideration 
require significant changes in the level of activi- 
ty expected of the Space Station Freedom con- 
tractors. Accordingly, when the President selects 
one of these options, NASA can anticipate that 
some contracts will be terminated and others 
modified. As a result, the current Space Station 
Freedom contractors will, of economic necessity, 
lay off employees, close plants, and cancel sub- 
contracts. Depending on which option the 
President selects, the layoffs and plant closings 
at the prime and subcontractor levels vary from 
substantial to near total in magnitude. 
Ultimately, however, the primes and subcontrac- 
tors, not NASA, must make these business 
decisions. 

Regardless of the redesign option under con- 
sideration, NASA will use a hybrid fee approach 
combining the features of a cost-plus-award fee 
contract with fee for performance incentive mile- 
stones in order to place increased emphasis on 
schedule, cost control and technical performance 
and to promote maximum effort on the part of 
the contractor to achieve successful performance 
of the redesigned Space Station after delivery 
and acceptance. 

Background 

Space Station Freedom Program 
Responsibilities 

The Space Station Freedom Program Ofice, 
Level 11, located in Reston, Virginia, has overall 
management and integration responsibility for 
the program. Grumman Aerospace Corporation 
is responsible for providing level-of-effort sup- 
port to Level I1 for analysis and verification 
activities, requirements definition and design 
convergence integration support. The current 
estimated value of this contract is $1.2 billion. 

Marshall Space Flight Center, Huntsville, 
Alabama, manages Work Package 1, awarded to 
Boeing Defense and Space Group. The contract 
has a current estimated value of $3.1 billion. 
Boeing is responsible for the laboratory, habita- 
tion and logistics modules, including life support 
systems and connecting nodes. 

Johnson Space Center, Houston, Texas, is 
responsible for Work Package 2, awarded to 
McDonnell Douglas Corporation. The contract 
has a current estimated value of $5.1 billion. 
McDonnell Douglas is responsible for the inte- 
grated truss assembly, mobile transporter, air- 
lock for extravehicular activity, communications, 
data management system, guidance, thermal 
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control, solar array movement, propulsion and 
ground-training systems. 

manages Work Package 4, awarded to 
Rocketdyne Division, Rockwell International. 
The contract has a current estimated value of 
$2.3 billion. Rocketdyne will provide the power 
system, including solar arrays, batteries and 
power distribution equipment. 

In addition to the four primary Space Station 
contracts, there are numerous other NASA prime 
contracts providing development and level-of- 
effort support for crew training, mission design 
and operations, and perforining numerous stud- 
ies in support of Space Station systems and 
processes. 

Lewis Research Center, Cleveland, Ohio 

Current Integration Role 

NASA is solely responsible for program integra- 
tion. Level I1 has the overall integration respon- 
sibility. Level I11 has the responsibility for man- 
aging the delivery of the integrated and tested 
elements and the distributed systems. All prime 
contractors have responsibilities for integration 
support. Grumman is responsible for program 
level integration support for master schedules, 
requirements, planning and verification. Work 
package contractors are responsible for the inte- 
gration associated only within their work pack- 
age elements and systems. 

The multiple contract arrangement and 
NASA's integrator role have led to  the develop- 
ment of an intersite deliverable list containing in 
excess of 3,000 items. Work package contractors 
provide their intersite deliverable items for 
inspection and acceptance by NASA. These inter- 
site deliverable items are then provided to  the 
receiving work package con tractor as 
Government furnished equipment. Work package 
contracts currently have no specific provisions for 
integration of systems between the work 
packages. 

Basic Acquisition Strategy for 
the Redesigned Space Station 

General Approach 

The acquisition strategy developed for the 
redesigned Space Station will strengthen the 
integration process by removing NASA from the 
prime integrator role, significantly reduce the 
number of interfaces, and complement a stream- 
lined management structure. 

To that end, the acquisition strategy pro- 
vides for selection of a single prime contractor 
from among the existing development contrac- 
tors. Full integration responsibility will be trans- 
ferred from NASA to the selected prime contrac- 
tor. In addition to its own systems development, 
the single prime contractorhntegrator shall now 
be accountable to NASA for the entire program. 

To the maximum extent possible, NASA will 
retain and utilize the existing Space Station con- 
tracts. All remaining contractors (work package, 
other primes and selected subcontractors) will be 
assigned as first tier subcontracts to the single 
prime contractor-integrator, as needed. The 
newly assigned subcontractors shall be responsi- 
ble for the systems development effort under sub- 
contract and for providing integration support to 
the single prime contractor. The single prime 
contractorhntegrator shall be responsible for 
managing the subcontractor's performance. 

NASA will issue change modifications to the 
single prime contractorhntegrator to restructure 
and modify content to reflect the redesign option 
requirements, to add the integration role and 
accountability and to assign the necessary sub- 
contracts. The single prime contractor/integrator 
will modify subcontract content for the redesign 
option requirements. 
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Competition Option A - Modular Buildup Concept 

While law and regulation recognize a strong bias 
in favor of the competitive award of Government 
contracts, the benefits of competition are most 
pronounced where, unlike here, the competition 
is held at program outset. Here, several factors 
distract from the presumed benefits of competi- 
tion. The Space Station program is an ongoing 
program with a large, skilled workforce in place. 
The competitive process would be time consum- 
ing, probably taking in excess of 12 months to 
complete. A 12 month hiatus to the existing con- 
tracts would prove to be both very disruptive and 
expensive. Contractors involved in the competi- 
tive process would lose focus on the work they 
currently have under contract and teamwork 
would undoubtedly be eroded. Each current con- 
tractor would be forced to choose between sus- 
pending work and losing skilled workers while 
the competition is in progress or continuing to 
perform work that might not be needed or appro- 
priate. In short, a full-and-open competition 
would be costly due to  schedule delays and wast- 
ed efforts. Current procurement law does permit 
sole-source contracting when an agency head 
determines, after notice to Congress, that  such 
an approach is in the best interest of the 
Government. Here, the redesign team believes 
that such an approach would be more efficient, 
expeditious, and less costly. I t  also believes that 
the unique technical aspects of each option and 
the existence of systems and expertise applicable 
to each option would permit an informed selec- 
tion of the best prime contractor/integrator. 
Therefore, we strongly recommend that whatever 
option is chosen, the selection of the single prime 
be done on a noncompetitive basis. 

Option Specific Strategy 

The general acquisition approach discussed 
above is applicable to each redesign option. The 
redesign options differ only in the requirements 
to be purchased. The acquisition approach for 
Options A and Option B focuses on the realign- 
ment and reduction of the Space Station 
Freedom development contracts under a single 
prime contractor/integrator. The resulting con- 
tract with the single prime will be for design, 
development, full integration, test and delivery 
of a functional redesigned Space Station. 

The Option A design repackages the Space 
Station Freedom baseline approach into a modu- 
lar buildup process assembled in four major 
phases. Option A utilizes, but simplifies and 
reduces, the baseline Space Station Freedom sys- 
tem. All work package contracts are retained for 
restructure as follows: 

Work Package 1 Reduced quantity of modules 
and nodes; simplifies the life 
support system. 

Work Package 2 Limited number of truss sec- 
tions used; major simplifica- 
tion of the data management 
system; simplifies the thermal 
control system and communi- 
cations subsystem. 

Work Package 4 Restructures the power system 
by modifying the solar array 
and battery systems: 

' Option A consists of two variations. Option 
A-1 uses the Bus-1 for guidance, navigation and 
control, attitude control and propulsion. NASA 
will obtain the Bus-1 under an interagency 
agreement from another Government agency. 
The Bus-1 will be provided as Government fur- 
nished property to  the selected single prime con- 
tractor/integrator. Option A-2 uses the current 
baseline subsystems for guidance navigation and 
control, attitude control and propulsion in place 
of the Bus-1. 

Option B - Space Station Freedom 
Derived 

Option B makes greater use of the current base- 
line systems than Option A. Like Option A, this 
option retains all of the work package contractors 
modified as follows: 

Work Package 1 Retains the early laboratory 
and habitation modules and 
the logistics elements, with 
connecting nodes arranged dif- 
ferently than the current base- 
line; minor changes made to  
the life support systems. 
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Work Package 2 Eliminates one truss section 
(P2); significant reductions 
made to. the data management 
system and to the communica- 
tions and tracking subsystem. 

Work Package 4 Retains the power system as 
currently contracted. 

Option C - Single Launch Core 
Station 

Option C essentially abandons the Space Station 
Freedom systems in favor of a concept which 
maximizes the use of the Shuttle’s capabilities 
and contracts to  build a canister-type spacecraft 
to be placed in orbit by a shuttle-derived vehicle. 

As for the previous redesign options, the 
acquisition strategy for Option C-1 is to select a 
single prime contractor with full integration 
responsibility for the single launch core station. 

Option C uses Shuttle capabilities to the 
maximum extent: 

a. Shuttle elements: Use the existing con- 
tracts (without modification) for the solid 
rocket boosters, external tanks, and shut- 
tle main engines. 

b. Shuttle System Systems: Modi@ the 
existing Shuttle contract to  acquire 
orbiter aft fuselage, external tank inter- 
face and needed orbiter systems (data 
management system, communications 
and tracking, propulsion, external ther- 
mal control subsystem). 

c. New Systems: Consists primarily of the 
pressure vessel and outfitting. The 
Station Redesign Team is considering dif- 
ferent options to build the pressure ves- 
sel. One approach is to use the existing 
capability at the Michoud Facility using 
the same manufacturing techniques as for 
the external tank. This approach appears 
to be cost-effective and possesses the least 
technical risk. Another approach is for the 
Government to build the pressure vessel 
in-house at the Marshall Space Flight 

Center. Other approaches using the exist- 
ing capabilities on the Space Station pro- 
gram to build the pressure vessel are 
being studied. 

d. Space Station System Systems: Use 
Space Station systems and subsystems 
where practical - life support systems, 
manned systems, guidance navigation 
and control, and internal thermal control 
subsystem. 

Under this option, essentially all of  the exist- 
ing Space Station Freedom contracts are termi- 
nated. The single launch core station uses 47 
percent of the systems and components from the 
Space Station Freedom program. Program 
emphasis would be to establish ownership by all 
parties and facilitate an early and clear defini- 
tion of requirements and a program plan. 

Operations 

The prime contractor integrator for the Space 
Station systems development would be responsi- 
ble for all Space Station mission and payload 
operations, including a sustaining engineering 
capability and spares for the Space Station pro- 
gram through completion of the development 
contract. Within one and one-half or  two years 
prior to contract completion, a single operations 
contractor could be acquired on a competitive 
basis. Sustaining engineering would shift to the 
new operations contractor after a suitable phase- 
in period. The responsibility for providing spares 
could remain with the systems development 
prime contractor. 

An alternate acquisition approach would be 
to retain the systems development as a subcon- 
tract to the operations contractor for critical sus- 
taining engineering support and spares. 

Assured Crew Return Vehicle 

All three redesign options contain the require- 
ment for an assured crew return vehicle. The 
prime contractor integrator would be responsible 
for the assured crew return vehicle development. 
The assured crew return vehicle contractor 
would be a first tier subcontract to the prime 
integrator . 
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Basic Contract Type and Fee 
Structure Approach 

NASA intends to negotiate a hybrid fee approach 
with the prime contractor integrator. The goal is 
to combine the subjective features of a cost-plus- 
award-fee contract with the more objective fea- 
tures of performance incentive milestone fee. 
This fee approach provides NASA with maximum 
flexibility to evaluate contractor performance lev- 
els and the conditions under which those levels 
are achieved, to adjust the evaluation quickly to 
reflect changes in NASA management emphasis 
and concerns, and to focus fee on readily identifi- 
able and measurable specific events. 

Award Fee 

The award fee process should complement the 
redefined management philosophy where award 
fee is considered the program manager’s key tool 
and an integral part of the management system, 
not a separate process. 

Award fee will be used for the routine, peri- 
odic evaluation of the prime contractor’s ongoing 
performance. The award fee evaluation periods 
shall be six months in length. NASA shall use 
mid-term evaluations to  provide feedback to the 
contractor on NASA’s assessment of the quality 
of performance. NASA shall provide areas of 
emphasis to the prime integrator prior to the 
start of each evaluation period to emphasize 
those items considered important during the 
period. 

will be included as evaluation factors. Also, 
award fee evaluation factors will be tailored to  
recognize the single prime integrator concept and 
its implementation as well as operations, and to 
emphasize subcontract management, among 
other issues. 

Schedule, cost and technical considerations 

Performance Incentive Milestones 

In addition to the award fee process, performance 
incentives shall be included to motivate the 
prime integrator with increased fee for attaining 
schedule, cost and performance levels more bene- 
ficial than expected for a given milestone or 
event and penalize the contractor through 
reduced fee for less than expected levels. 

Performance incentives shall be structured 
to allow for both positive and take-back fees 
based on systems performance after delivery and 
acceptance. To do this, the contract shall estab- 
lish minimum performance requirements. If per- 
fqrmance exceeds the minimum requirements, 
then the contractor may earn all or part of the 
milestone fee negotiated for that event. If perfor- 
mance is less than minimum requirements the 
Government may take back all or part of the 
negotiated milestone fee not to exceed earned 
award fee to  date. 

Contract Terminations and 
Reductions in Content 

Depending on the redesign option selected, con- 
tract terminations and reductions will vary from 
substantial to  near total in magnitude. Option B 
contains the lowest amount of termination costs 
while Option C has the highest termination 
costs. The termination costs for Options A-1 and 
Option A-2 fall between these extremes but clos- 
er to  the termination costs for Optinn B. 

Transition and Implementation 

A dedicated Transition and Implementation 
Team will be established to take ownership of 
the redesigned Space Station and to manage the 
Space Station Freedom program, while planning 
for the implementation of the redefined NASA 
management structure, the acquisition strategy 
and the associated contract terminations or 
descopings required by the selected redesign 
option. 

The team will be formed soon after comple- 
tion of the redesign effort and must be lead by 
and consist of members who will become part of 
the redesigned Space Station program. 

At the beginning of the transition period, 
soon after the President selects a redesign 
option, certain events must occur. The selected 
management option must be implemented and 
the single .prime contractor/integrator must be 
selected. NASA and contractor management 
must understand the redesigned program and 
what is expected to ensure success. NASA orga- 
nizational changes must be implemented to 
accept the redesigned station program. The 
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timing of these decisions will effect the timeli- 
ness of overall program implementation. If the 
decisions and implementation of the manage- 
ment structure are poorly timed, then termina- 
tion costs will increase and the effectiveness of 
the transition will decrease. 

noncompetitive basis. The acquisition approach 
will need to be significantly adjusted if the man- 
agement approach differs from that recommend- 
ed in this report. 

properly motivate the contractor in each period 
and must be results oriented. Further, the rede- 
fined management philosophy must support the 
view of using the fee approach as a primary man- 
agement tool. 

The hybrid fee approach must be sufficient to 

Acquisition Issues 

The recommended acquisition approach depends 
on NASA receiving authority to implement on a 
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International Partners’ Evaluation 

Background 

In 1988, an Agreement Among the Government of 
the United States of America, Governments of 
Member States of the European Space Agency, 
the Government of Japan, and the Government of 
Canada on Cooperation in the Detailed Design, 
Development, Operation and Utilization of the 
Permanently Manned Civil Space Station, was 
signed. This Agreement established a long-term 
international cooperative framework among the 
International Partners in the Space Station 
Freedom program. This Agreement specifically 
defines the nature of this partnership, including 
the respective rights and obligations of the 
Partners in this cooperation. Subsequent 
Memoranda of Underst‘anding between individ- 
ual cooperating agencies provided detailed guid- 
ance in implementation of the provisions of the 
agreement. A separate Memorandum of 
Understanding between NASA and the Italian 
Space Agency established a bilateral cooperative 
program covering the detailed design, develop- 
ment, operation and utilization of additional ele- 
ments. The following sections are the evaluation 
and assessments of the International Partners 
and the Italian Space Agency. 

I 

European Space Agency 
Technical Assessment 

Introduction and Background 

The European Space Agency, having been invit- 
ed to participate in the international Space 
Station Freedom program by the United States 
in 1984, is developing the Columbus Attached 
Pressurised Module, to be launched by the 
United States Space Shuttle and to be attached 
to the United States core Space Station. The 
Attached Pressurised Module, providing a shirt- 

sleeve environment for life, materials and biolog- 
ical research, will contain 20 equivalent rack vol- 
umes for experimenters, 46 percent allocated for 
the sole use of United States users and three 
percent for Canadian users. As part of the 
arrangement documented in the International 
Governmental Agreement on Space Station and 
Memorandum of Understanding between ESA 
and NASA, ESA also provides a polar orbiting 
platform, to be launched on an Ariane launch 
vehicle in 1998, for Earth sciences. The 
Memorandum of Understanding also has provi- 
sions for an earlier envisioned, ESA operated, 
free flyer (the development of which has  been 
deferred) and for the use of non-Space Station 
facilities, such as the Ariane launch vehicle and 
the European Data Relay Satellite. The develop- 
ment of the Attached Pressurised Module is con- 
tinuing pending the uncertain outcome of the 
Space Station redesign activities a t  NASA. 

General 

ESA’s option assessment is primarily based on 
the international “Operational Ground Rules,” 
which came into force on March 26, 1993. Lack 
of a unified set of requirements has  made the 
assessment and comparison of options rather dif- 
ficult. Also, cost and complexity reductions that 
were not uniformly applied to all options are 
identified in the report with the request to 
equally apply these to  all options for better com- 
parison. 

The evaluation contained in the subsequent 
chapters is based on the final presentations and 
supporting data provided through May 20, 1993. 
A last review of the final option descriptions, 
contained in the redesign options part of this 
report, has not identified changes in the Option 
A and B technical definitions. However, the 
Option C description contains last minute tech- 
nica1,updates in areas critiqued earlier by ESA. 
These changes are largely unsubstantiated in 
the report and are not reflected in corresponding 
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updates to affected resources ( 4ss and power 

credible improvements that enhance the option’s 
assessment. 

budgets) and can therefore not \ e considered 

Typical examples are: 
The stated increase in thermal rejection 
capability from 44 kW to 64 kW 
The incorporation of the Space Station 
Freedom fire detection and suppression 
harware to enhance the fire detection 
and suppression capability 
The stated commitment to provide the 
Columbus Attached Pressurised Module 
with regulated power (120 vdc plus or 
minus 3 volts) 
The addition of the “power module” to the 
forward end of the vehicle as a “growth” 
potential to provide additional power and 
heat rejection for the International 
Partner modules. 

The revised weight summary provided in the 
report confirms the ESA opinion that the mass 
margin allocated for a program at this stage of 
maturity cannot be considered acceptable. 
Likewise, the allocated system housekeeping 
power budget of 11 kW, compared to 16 kW for 
the other options, also cannot be considered a 
credible number. 

Orbi t  Inclination 

For all three options being evaluated, the base- 
line inclination has been set to 28.8 degrees, with 
a baselined usable launch mass of 31,800 
pounds. The advanced solid rocket motor, which 
would increase the usable launch mass to 43,800 
pounds, will be available only in the year 2000, 
at the earliest. 

line wet mass roughly equivalent to Space 
Shuttle performance, and a baselined partially 
outfitted (with payloads) design mass of 37,479 
pounds (17,000 kilograms), the Columbus 
Attached Pressurised Module with initial pay- 
loads cannot be launched without advanced solid 
rocket motors, which are currently committed in 
the baseline for the Attached Pressurised Module 
launch. 

launched prior to the availability of the advanced 
solid rocket motor (1999 and 2000), would have 

With an Attached Pressurised Module base- 

The Attached Pressurised Module, if 

to off-load all its initial payloads in order to be 
compatible with the “new” Space Shuttle perfor- 
mance, or ESA would have to  accept a launch 
slip from four to seven months, depending on the 
option selected. A cost and benefit trade will 
have to be initiated after NASA has established a 
new programme baseline. 

For the 51.6 degree inclination case, without 
advanced solid rocket motor and without a new 
aluminum lithium tank, the resultant available 
launch mass is 19,000 pounds. Even totally off- 
loading all payloads and reducing the Attached 
Pressurised Module to half-size, with a capability 
of only seven International Standard Payload 
Racks instead of 20 as per baseline, the Attached 
Pressurised Module wet mass would still exceed 
the available launch capability by about 6,000 
pounds. ’ 

To retain the Attached Pressurised Module 
baseline, both the advanced solid rocket motor, 
as well as the aluminum lithium tank would 
have to be available (launch capability of 38,500 
pounds). 

The addition of the aluminum lithium tank 
(launch capability 26,500 pounds) only, will not 
be sufficient for an Attached Pressurised Module 
baseline launch and will require a significant 
downsizing of the Attached Pressurised Module. 
The advanced solid rocket motor alone, will make 
the impact comparable to  the 28.8 degree inclina- 
tion case without advanced solid rocket motors 
(launch capability 31,000 pounds). 

Dual Access to Space Station 

There is only one proclaimed reason for the high 
inclination orbit of 51.6 degree, namely dual 
access to the Space Station from Russia for times 
when the Space Shuttle is not available. Dual 
access is for regular assured crew return vehicle 
(Soyuz) replacement, for normal logistics upload 
and for crew exchange. 

Launching from Kourou, French Guyana, by 
Ariane for Soyuz replacement and normal upload 
logistics into the baseline 28.8 degree inclination 
orbit avoids the constraints in upload mass and 
Space Shuttle upgrading and the associated 
extra cost of the high inclination orbit. Ariane V, 
man-rated launches, in conjunction with the 
European assured crew return vehicle, are cur- 
rently planned to be available in 2001. 
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Payload Accommodations 

All three options provide, together with the 
International Partner labs, a payload volume 
that exceeds the Station Redesign Team require- 
ments of 35 cubic meters. The Attached 
Pressurised Module and Japanese Experiment 
Module, satisfj. with their 20 plus 10 
International Standard Payload Rack’s equals 34 
cubic meters, this requirement to 97 percent, 
based on a net payload volume of 1.13 cubic 
meters per staged rack. The additional rack 
space provided by the United States ranges from 
nine racks (Option A), through 14 racks (Option 
B) to 40 racks (Option C) resulting in a maxi- 
mum capability of 79 cubic meters, which is more 
than twice the volume required. Hence, the 
United States incurs unnecessary costs in provid- 
ing this additional payload volume. 

Simplification of the Designs 

a. Columbus Attached Pressurised Module 
Interface Simplifications 

Below is a listing of design simplifications 
proposed by one (or two) options. If proven to be 
technically acceptable, from a performance and 
risk point of view, i t  is recommended that these 
should be equally applied to all three options. 

Power interfaces via internal lines 
through common berthing mechanism, 
thus avoiding extravehicular activity 
during assembly. Proposed by Options A 
and C, should also be applied to Option 
B. 
Heat rejection interfaces via internal 
water lines through common berthing 
mechanism, in place of baseline external 
ammonia lines. Proposed by Options A 
and C, should also be applied to Option 
B. 
Deletion of oxygen resupply line and per- 
forming module repressurisation via 
bleed valve in the module hatch. 
Proposed by Option C, should d s o  be 
applied to Options A and B. 
Portable sampling of atmosphere of 
attached modules via valve in hatch. 
Proposed by Option C, should also be 
applied to Options A and B. 
Simplified data management system 
with deleted workstation interoperab 

ility. Proposed by Options A and C, 
should also be applied to Option B. 
Simplified onboard software architecture 
by deletion of object based system. 
Proposed by Options A and C, also to be 
applied to Option B. 
Simplified International Standard 
Payload Rack data interface. Proposed by 
Option A, should also be applied to 
Option B (Option C has deleted 
International Standard Payload Rack 
interfaces). 
Deletion of distributed installed crew 
health and environment system equip- 
ment and use of portable units only. 
Proposed by Option C, should also be 
applied to Options A and B. 

b. System Simplifications and Cost Reductions 

Option C also has proposed other simplifications. 
If, after careful assessment, these are proven to 
be technically viable and produce the projected 
cost savings, they should also be applied to the 
other options: 

Deletion of the airlock. 
Bi-propellan t refueling from orbiter 
orbital maneuvering system tanks with 
significant reduction in logistics needs. 
This will require a technology currently 

, not available in the United States. 
Multiple use of proven Space Shuttle sys- 
tems in lieu of new developments. 

Simplification of Operational Scenarios and 
Concepts 

The operations assessment team addressed many 
aspects of cost reduction. However, with respect 
to the ESA participation and ESA capabilities, 
the areas of possible cost savings to both NASA 
and ESA have not yet been considered in their 
full potential. These areas are identified below 
and should be jointly assessed in detail to con- 
firm overall cost saving potential and h r t h e r  
simplification of international interfaces, before 
baselining an updated operations concept for the 
Space Station. The areas identified are insensi- 
tive to the redesign option selected. a 

Resource envelope allocation to total inte- 
grated (systems and payloads) element 
Attached Pressurised Module and relax- 
ation of replanning cycle. 
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Minimization of integrated functions and 
using distributed capabilities with fully 
delegated authority, i.e., management by 
exception. 
Performance of total ESA and non-ESA 
Attached Pressurised Module payload 
planning and integration activities by 
ESA at European facilities, based on the 
allocated Attached Pressurised Module 
resource envelopes. 
Execution of total Attached Pressurised 
Module payload operations control func- 
tion from European Payload Operations 
Control Centre. 
Addition of Attached Pressurised Module 
systems operation control functions to 
the European Payload Operations 
Control Centre activities, with the excep- 
tion of safety critical control function, 
which would still be executed centrally 
from the United States Space Station 
Control Center. 
Direct interfacing of the enhanced 
European Payload Operations Control 
Centre with only the Space Station 
Control Center for payload and system 
command and control functions. 
Consideration of use of a data relay satel- 
lite terminal on the Attached Pressurised 
Module for uplink and downlink data 
handling of all Attached Pressurised 
Module payload data, and distribution of 
non-ESA Attached Pressurised Module 
payload data from the European Payload 
Operations Control Centre to the distrib- 
uted (NASA) user centers. 
Emphasis of crew training on skills 
rather than on procedures and consistent 
reduction of training program and train- 
ing facility needs. 

Option A Assessment 

The overall accommodation and orientation of 
the Attached Pressurised Module is satisfactory. 
The interagency agreements of the joint program 
definition and requirements document and inter- 
face control documents are basically maintained 
with the only expected changes from the included 
interface simplifications. 

To further simplify the Attached Pressurised 
Module interfaces, the NASA DC to DC converter 

units should be accommodated inside the core 
module on the core module water loop; thus, 
retaining design, development, verification and 
maintenance authority for this NASA equipment 
with NASA alone, thereby contributing to the 
required interagency management simplification 
and improving operational flexibility. The small 
impact to the number of International Standard 
Payload Racks in the core module is considered 
insignificant with respect to the simplification 
benefit and the abundance of total payload rack 
accommodation capability of this option. 

States data management system by deletion of 
standard fiber distributed data interface, work- 
station interoperability, object based sofiware 
architecture and replacement of standard Fiber 
Distributed Data Interface and the Institute of 
Electrical and Electronic Engineers standard 
802.4 gateways by a simplified 1553B and 802.4 
gateway approach, contributes to a significant 
overall Space Station simplification and to a 
reduction of complexity of the data management 
system interfaces to  the Attached Pressurised 
Module. This also will have a positive effect on 
the ground system data architecture for the 
Space Station Control Center and other control 
facilities. 

The power allocation to the Attached 
Pressurised Module is generally in line with the 
present baseline and useful operation of the 
international laboratories can be performed with 
the two photovoltaic and three photovoltaic mod- 
ule configurations. 

The proposed simplification of the United 

Option B Assessment 

The overall configuration is close to the Space 
Station Freedom baseline, with basically no 
changes t o  the agreed joint program definition 
and requirements document and interface con- 
trol documents. The interfaces simplification 
identified for Option A should also be included in 
this configuration, therefore reducing pro- 
gramme complexity and related cost to both 
agencies. 

In the data management system and 
onboard software architecture areas, the same 
simplifications as  those defined in Option A 
should be included. There are no inherent config- 
uration differences that would prohibit these 
additional changes. 
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Option C Assessment 

This option provides within the United States 
module a payload accommodation of 40 racks 
that amounts to 30 percent over-fulfillment of 
the 35 cubic meter Station Redesign Team 
requirement for the total Space Station. The aug- 
mentation of this oversized capability by the 
addition of the Columbus Attached Pressurized 
Module (and Japanese Experiment Module) does 
not constitute a meaningful European program 
contribution. The role of the Attached 
Pressurized Module is changed from a mandato- 
ry provider of essential laboratory space to a 
user, accommodated on the Space Station; thus, 
diminishing with its housekeeping power needs, 
the already limited resources for payloads. 

Option C, and as addressed in the Payload 
Accommodations paragraph of this ESA assess- 
ment,contribute to a welcomed reduction of inter- 
face complexity. However, additional Option C 
specific interface deviations from the current 
baseline constitute significant technical impacts: 
1. The current Attached Pressurized Module 

power system architecture, which is based on 
two main feeders supplied from two paral- 
leled baseline DC to DC converter units, 
must be modified completely to directly inter- 
face with the four separate power feeders 
provided by this option. This will result in a 
significant loss of reconfiguration capability 
and will not allow high power payloads to be 
accommodated due to inability of source par- 
alleling, which can only be overcome by syn- 
chronisable DC to DC converters. In addi- 
tion, the deletion of the baseline DC to DC 
converter units will either require a change 
of all Attached Pressurized Module equip- 
ment to accommodate the increased voltage 
range, or the provision of central DC to DC 
converters. The initiation of a new DC to DC 
converter development programme will 
result in cost and schedule impacts to the 
Attached Pressurized Module program. 
Moreover, the power allocation to the 
Attached Pressurized Module systems and 
payloads must be increased by 8 to 10 per- 
cent to make up for the power losses in the 
DC to DC converters (and regulators) to 
attain baseline compatible power allocations. 

I 

The interface simplifications as offered by 

2. The increase of the lower limit of the temper- 
ature range of the low temperature thermal 

control system water loop interface will 
result in significant impacts to the Attached 
Pressurized Module system, if the specified 
heat rejection capability is to be maintained. 
These impacts result from the need for a 
higher performance of the cold loop water 
pump (200W to 300W power penalty) with 
increased microgravity disturbance and a 
new design for the condensing heat exchang- 
er (due to higher water inlet temperature). 
The latter change is a significant cost impact 
to the Attached Pressurized Module. 

3. The location of the solar arrays does not 
allow continuous zenith or nadir viewing 
from the Attached Pressurized Module exter- 
nal viewing platform. The proposed modifica- 
tion to  the solar array configuration, which 
provides a narrow viewing window between 
the arrays, only marginally improves the sit- 
uation. 

The proposed simplification of the fire detec- 
tion and suppression system makes the required 
detection, localisation, isolation and first line of 
defense, i.e., removal of power and airflow impos- 
sible to achieve. The addition of zoning as per 
mandatory baseline requirement, the consequen- 
tial separation of the power leads for detection, 
suppression and other equipment and distribu- 
tion through different zones, as well as the 
potential introduction of dedicated air loops per 
floor, will significantly increase the mass of the 
vehicle, the power required for environmental 
control and life support system and the complexi- 
ty of the data management system. 

The quoted unregulated power values in this 
option must be decreased by eight percent to be 
comparable to regulated power values for 
Options A and B. 

The total power available in the 28.8 degree 
inclination orbit flying local-vertical and local- 
horizontal is 31.4 kW. Even if the system power 
of 11 kW is considered credible in view of the 
huge air volume to be circulated in the large can 
volume, only roughly 20 kW are available for 40 
payload racks without the Partner modules being 
attached and roughly 10 kW for 70 payload racks 
with the Partner modules attached. 

Flying in solar inertial attitude increases the 
power by 12 kW. However, it is not certain that 
the Option C flight configuration can be kept in 
that attitude being stabilised by control moment 
gyros. Also, a not insignificant portion of the 

' 
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additional 12 kW are needed for torquing the 
control moment gyros in the solar inertial alti- 
tude. 

The stated overall launch mass margin of 
less than five percent to cover design uncertain- 
ties and initial payload at this stage of the design 
definition are considered inadequate. This situa- 
tion is compounded by the risk of a future mass 
increase due to the potential reintroduction of 
baseline fire detection and suppression features. 

Overall Technical Risk Assessment 

Option B is based on mature configuration, sys- 
tem, subsystem and equipment level designs 
taken directly from the current Space Station 
Freedom programme baseline, and derived from 
validated industrial design data. Therefore, ESA 
considers that Option B represents the lowest 
technical and programmatic risk. 

figuration elements, with the exception of the use 
of Bus-1 in suboption A-1, these are to a large 
extent also derived from the existing Space 
Station Freedom programme baseline. On the 
other hand, Option A also has introduced design 
simplifications in many areas, which ESA consid- 
ers somewhat offset the increased risk associated 
with the introduction of modified or new ele- 
ments. Taking the above into consideration, 
ESA’s overall assessment gives Option A a 
slightly higher technical and programmatic risk 
rating than Option B. 

Option C is based on a-totally new “system” 
concept, which essentially requires a new devel- 
opment programme start. Although Option C 
uses for approximately 37 percent of its system 
needs off-the-shelf equipment from the shuttle 
and Spacelab programmes, this can only con- 
tribute to cost savings a t  the equipment procure- 
ment level. Integration of this earlier generation 
equipment with a significant number (some 47 
percent) of equipment level boxes from the Space 
Station Freedom programme baseline will pre- 
sent significant system engineering and equip- 
ment interfacing problems, as well as adding 
complexity to the overall integration and verifi- 
cation tasks. ESA considers that the relatively 
small cost benefits, which might be achieveable 
at equipment procurement level, can in no way 
offset the significant technical risks associated 
with system level integration and verification of 
this relatively immature configuration concept. 

Although Option A has introduced new con- 

ESA cannot subscribe to the technical risk 
assessment contained in this report, which gives 
Option C an equal rating with Options A and B 
in the technical risk area. 

Management Proposal 

The overall management principles recommend- 
ed in this report are seen by ESA as a very sig- 
nificant improvement over those currently imple- 
mented under the Space Station Freedom base- 
line programme. ESA supports the concept of 
retaining a combined Space Station programme 
management function and accountability, con- 
centrated at one location. The proposed manage- 
ment principles should not only result in benefits 
for NASA, as described in the report, but also 
will significantly con tribute to the streamlining, 
effectiveness and efficiency of the technical man- 
agement interfaces to the International Partners. 

Acquisition Strategy Assessment 

The recommended strategy to select an industri- 
al prime contractor to replace the current Space 
Station Freedom work package contractor system 
is fully supported by ESA. This approach will 
clearly separate the NASA “customer” technical 
and programmatic management responsibility 
from United States industry’s programme imple- 
mentation responsibility. I t  also will significantly 
contribute to the efficiency of the agency level 
technical interface management, and to agency 
level control of the necessary interfaces between 
the United States prime contractor and the 
European prime contractor in the area of techni- 
cal data exchange and interface control documen- 
tation. 

The NASA prime contractor role proposed 
under Option C is not supported by ESA. It 
would still retain the current complexity with 
respect to the International Partners by not dis- 
tinguishing between customer and implementa- 
tion contractor tasks. 

Program Cost Assessment 

A final option assessment can only be performed 
once detailed cost data is provided. These cost 
data will help ESA to evaluate its programmatic 
risks with respect to each of the options. Also the 
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cost break-down into development, utilisation 
and operations costs with allocated reserves are 
essential aspects of the overall evaluation. 
Unfortunately, these data have not been provid- 
ed to ESA at the time of this writing; thus, the 
ESA evaluation must still be considered incom- 
plete. 

I 

Japan’s Technical Assessment 

Preamble 

Japan’s technical assessment by NASDA Station 
Redesign Team members is provided herein as a 
part of the Station Redesign Team report. Due to 
the immaturity of the guidelines or requirements 
that are applied to options assessment, NASDA 
members have assessed the options mainly based 
on the international “Operational Ground Rules” 
agreed to March 26, 1993, by the International 
Partners. The main activities of the redesign 
which internationals have been involved in since 
March 26, were the design guideline establish- 
ment, Space Station option selection and evalua- 
tion, and reduction of operations, utilization and 
transportation costs. 

Status” and “Evaluation Groundrules” are pro- 
vided as the background of this evaluation. 
NASDA’s technical evaluation consists of two 
parts. The first part coqtains general comments 
common to all options. The second part is dedi- 
cated to each option specifically addressing the 
impact and improvement of interfaces concerning 
the Japanese Experiment Module development, 
schedule, operations and utilization. 

The sections titled “Japan’s Contribution and 

Japan’s Contribution and Status 

In response to the invitation by the United 
States President, Japan decided to participate in 
the International Space Station program by pro- 
viding the Japanese Experiment Module, a per- 
manently attached multipurpose laboratory, as a 
significant element. We believe the significance 
of our program is to: 

contribute to large-scale international 
science and technology research and 
development through developing, operat- 
ing and utilizing the Japanese 

Experiment Module in the Space Station 
program; 
promote and enhance Japanese science 
and technology through microgravity 
experiments, Earth and astronomical 
observations, and fundamental space 
technology development testing;. 
establish fundamental space technologies 
required for future space activities 
including human space activities; and 
expand fields for industrial activities into 
space by promoting utilization of the 
space environment. 

’ As described in the Intergovernmental 
Agreement, the Japanese Experiment Module, 
together with the United States core Space 
Station and other Partners’ elements, will 
enhance the use of the Space Station for the ben- 
efit of all participating nations and humanity. 
The Japanese Experiment Module consists of the 
Japanese Experiment Module-Pressurized 
Module, the Japanese Experiment Module- 
Exposed Facility and the Japanese Experiment 
Module-Experiment Logistic Modules. The 
Japanese Experiment Module-Pressurized 
Module is a multipurpose research and develop- 
ment laboratory for conducting material science 
and life science in a microgravity environment; it 
accommodates 10 International Standard 
Payload Racks. The Japanese Experiment 
Module-Exposed Facility is a facility for conduct- 
ing Earth and astronomical observations and 
experiments in a space environment character- 
ized as microgravity, high vacuum, abundant 
solar enefgy and visibility of Earth, celestial bod- 
ies and the solar system. The Japanese 
Experiment Module-Exposed Facility accommo- 
dates 10 Japanese Experiment Module standard 
Exposed Facility payloads and has unique fea- 
tures of experiment support capability by the 
Japanese Experiment Module-Remote 
Manipulator System and accessibility from the 
Japanese Experiment Module-Pressurized 
Module via the airlock. About one half of the 
Pressurized Module and Exposed Facility user 
capability is open to the United States and 
Canada . 

NASDA started the Japanese Experiment 
Module detailed design in 1992 after successfblly 
completing the Japanese Experiment Module 
preliminary design review in July 1992. 
Simultaneously, advanced development tests for 
the components and systems, and Japanese 
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Experiment Module engineering model develop- 
ment, which is the first integrated Japanese 
Experiment Module system assembly, are being 
conducted. Most of the advanced development 
tests are scheduled to be completed by March 
1994. 

Japanese Experiment Module operations 
capability development and Japanese 
Experiment Module utilization preparation are 
also proceeding on schedule. Weightless environ- 
ment test system construction began in March 
1992 and will be followed by construction of other 
Japanese Experiment Module operation facili- 
ties, such as the Astronaut Training Facility and 
the Regional Operation Center for the Japanese 
Experiment Module. The system review of the 
Japanese Experiment Module operations system 
will be held in November 1993. The first 
announcement of opportunity for Japanese 
Experiment Module utilization was released in 
October 1992, and preliminary experiment selec- 
tion is being conducted. 

Evaluation Ground Rules 

Evaluation in this report has been done from the 
following standpoints: 

Significance of Japan’s participation 
Compliance with agreed “Operational 
Ground Rules” 
Impact on current Japanese Experiment 
Module design and development, and 
operations and utilization preparation 
Reduction of common operations cost. 

General Assessment 

Significance of the Japanese Experiment 
Module Program 

Elements provided by Partners should have com- 
plementary roles in the International Space 
Station program so that each element con- 
tributes to the other in order to enhance the 
overall capability. Options A and B maintain 
Japan’s role as a contributor. However, Option C 
changes Japan’s role from contributor to unwel- 
come user by NASA’s provision of an excessively 
large “big can” volume with relatively small 
resource capability. 

Dual Access Requirement 

There are several ways to realize this require- 
ment. One is adoption of 51.6 degree inclination 
to enable Russian launch vehicle access. The 
impact assessment is shown in the next para- 
graph. Another option is to consider alternate 
access capability by Partners’ launch vehicles, 
such as ESA Ariane, automated transfer vehicle 
and assured crew return vehicle, and Japanese 
H-I1 as depicted in the Intergovernmental 
Agreement and Memorandum of Understanding, 
while’maintaining 28.8 degree inclination to 
avoid adverse impact on Space Shuttle launch 
capability. The United States Titan IV carrying 
the Soyuz assured crew return vehicle and/or the 
unmanned Progress further ensure multiple 
access capability for logistics supply and assured 
crew return vehicle replenishment. In this sce- 
nario, dual access for crew rescue could be 
achieved by using the Space Shuttle and assured 
crew return vehicle. This option would surely 
enhance International Partners’ contribution and 
reduce United States development cost. 

51.6 Degree Inclination Access 

Current weight of the Japanese Experiment 
Module’s first flight, excluding all payload outfit- 
ting, is about 2,800 pounds over the given Space 
Shuttle launch capability for a 28.8 degree orbit, 
as shown in Table 37. Therefore, the advanced 
solid rocket motor as baselined in the current 
Space Station Freedom program or the alu- 
minum lithium tank for Japanese Experiment 
Module launch with some extent of payload is 
required without depleting NASA reserve. Space 
Shuttle launch capability of 25,000 pounds with 
present redesigned solid rocket motor for 51.6 
degree orbit is unrealistic. Although addition of 
the aluminum lithium super light weight tank 
increases Space Shuttle launch capability by 
7,500 pounds, there still exists a capability 
deficit of 5,300 pounds, requiring drastic 
Japanese Experiment Module downsizing. This 
will result in reducing International Standard 
Payload Rack accommodation, which is unaccept- 
able to Japanese users. This makes the Japanese 
Experiment Module program almost worthless 
from ‘the standpoint of return on investment. 
From both Japanese Experiment Module devel- 
opment and operations aspects, the aluminum 
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-8,057 lbs. 

1,800 lbs. 

Table 37 
Japanese Experiment Module first flight weight budget status 

40,914 lbs. 

32,859 Ibs. 
1,800 lbs. 
34.658 lbs. 

~ ~~~ 

Japanese Experiment Module-Pressurized Module and Remote 
Manipulator System 

NASA Deliverables 
Payload, Spares 
Subtotal 

37,800 lbs. 

Off-load 
Japanese Experiment Module Cargo Element 
Space Station Freedom Program Margin 
Total of Japanese Experiment Module 

I 

37,800 lbs. 

- 2,800 lbs. 

Orbiter Operator Weight 
Total of Cargo Element 

Launch Performance (28.8 degrees) 

BALANCE 

lithium super light weight tank and advanced 
solid rocket motor are musts for the program to 
employ 51.6 degree inclination orbit. Meanwhile, 
the advanced solid rocket motor is rescheduled to  
be available in late 2000, delayed more than one 
and half years from the Space Station Freedom 
baseline of March 1993. The resulting Japanese 
Experiment Module launch deferral is not 
acceptable due to its impact on the Japanese 
Experiment Module development and utilization 
schedule. 

Space Shuttle is the baseline transportation 
for Space Station, and all Partners utilize the 
Space Shuttle for logistics and utilization flights. 
Once the Japanese Experiment Module is on- 
orbit, Japan will share the common operation 
costs including transportation, and pay trans- 
portation costs for its payloads and system 
spares for maintenance. With this in mind, 
reduced Space Shuttle launch capability for the 
51.6 degree orbit will impose drastic operations 
cost increases on all Partners due to additional 
Space Shuttle flights. 

Common Requirements and Interfaces 

The requirements applied for each option should 
be identical for fair comparison. The essential 

I 
32,905 lbs. 
2,630 lbs. 
5,380 lbs. 

5,980 lbs. 5,980 lbs. 

I 

Space Station Freedom requirements of the cur- 
rent program definition and requirements docu- 
ments and joint program definition and require- 
ments documents and interface control docu- 
ments should be maintained. Relaxation of 
requirements for design simplification, which is 
acceptable to all concerned parties, should be 
equally applied to all three options. However, 
requirement changes that adversely impact on 
Partners shall not be applied. 

Safety Requirements 

Safety requirements, such as  the Safe Haven and 
the fire detection and suppression system, should 
be mclintained. NASDA has accepted the fire 
detection and suppression system with signifi- 
cant design change after lengthy negotiation 
because of the very strong enforcement of the 
NASA safety requirements. 

Data Management System Simplification 

The change of the data management system 
architecture and associated software for the 
interface simplification would be accepted as  long 
as it is mutually beneficial. However, drastic 
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simplification would impose on-orbit operational 
constraints that cannot be accepted by operation. 

User Power Availability 

In each option, two solar arrays with internation- 
al modules does not provide sufficient user 
power, especially during the orbiter berthing. , 

Early delivery of the third solar array is recom- 
mended. 

Cost Comparison 

The official cost data for evaluation is not avail- 
able at this moment. However, for cost compari- 
son among options, the cost sensitive require- 
ments, such as the 30 kW user power, Space 
Station-based extravehicylar activity capability 
and assured crew return vehicle should be the 
same. 

Operations Concept and Cost 

The operations assessment team reported the 
new operations concept and idea to contribute to 
reducing the Space Station operations cost. We 
generally welcome the report and hope that the 
implementation will be well performed. However, 
we have several concerns that may cause signifi- 
cant impact on the Japanese Experiment Module 
operations and its cost. Concerns identified so far 
are: 

Credibility of the new proposed opera- 
tions concept 
Impqcts on the common cost sharing 
Impacts on interface of the ground sys- 
tems between NASA and NASDA 
Impacts on number of personnel to be 
sent from Japan to the integrated tactical 
operations organization, Space Station 
Control Center, and Payload Operations 
Integration Center 
Space Shuttle launch price (great influ- 
ence on the Japanese Experiment Module 
operations cost as  well as the common 
operations cost) 

I These items should be jointly assessed or 
clarified in detail among Partners before baselin- 
ing the new operations concept. 

For Option C, considerably reduced opera- 
tions cost is reported, but we understand that 
this cost reduction is made mainly by the simpli- 
fication of assembly operations and that matured 
operations cost is almost same as those of other 
options. Option C operations concept with 
reduced extravehicular activity will cause impact 
on Japanese Experiment Module maintenance. 

Options Evaluation 

Option A 

This option is technically a derivative of Space 
Station Freedom with a reduced number of ele- 
ments, deletion of alpha-joint, and use of the 
existing Bus-1 for the propulsion and control. 
The international commitment of joint program 
definition and requirements documents and 
interface control documents, and schedule are 
well maintained. The Japanese Experiment 
Module attach location looks acceptable for 
microgravity environment and the Exposed 
Facility payloads viewing. Deletion of the alpha- 
joint would limit the continuous observation mis- 
sions for the Japanese Experiment Module- 
Exposed Facility payloads. Adding back the 
alpha-joint would enhance the power capacity 
and provide continuous viewing for the Exposed 
Facility payloads. The Japanese Experiment 
Modtile system power allocation of the Space 
Station Freedom baseline is maintained at 
5.65 kW. The data management system interface 
with 1553B data bus should be coordinated and 
agreed upon to avoid imposing a big impact on 
Japanese Experiment Module data management 
system architecture and equipment design. The 
change of thermal control system interface from 
external to internal simplified the interface and 
reduced the extravehicular activity. The electri- 
cal power interface equipment of DC to DC con- 
verter units, which reside on the Japanese 
Experiment Module, should be moved to inside 
the United States core module to simplify the 
international interface. The use of existing and 
Space Station Freedom equipment makes the 
system viable and the cost estimate realistic. 
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, 

Option B 

This option is almost the current Space Station 
Freedom baseline. The option maintains the 
international top-level commitment with mini- 
mum changes on agreed joint program definition 
and requirements documents and interface con- 
trol documents’ technical requirements; this 
option has the least impact on the Japanese 
Experiment Module. Small interface changes in 
the field of the data management system will be 
necessary, but they are aoceptable. 

The adoption of appropriate system simplifi- 
cation will reduce the life-cycle cost and make 
this option viable. 

Option C 

This option provides a quite new Space Station 
design concept. The United States provision of 
large volume with very limited resources and 
user services will call into question the need for 
the additional volume of international modules. 
This means this option does not preserve the 
genuine partnership depicted in the 
Intergovernmental Agreement. We should 
remember that the Partners worked together 
more than three years to  define a set of comple- 
mentary program contributions before signing 
the Intergovernmental Agreement and 
Memorandum of Understanding. 

The generic view for this option is that, 
because of the Space Shuttle modification and 
single launch nature, it  imposes major potential 
programmatic and technical risks on the pro- 
gram. A single accident may collapse the pro- 
gram in a moment, and schedule delay and cost 
increase will more likely happen compared with 
other building block approach options. These fea- 
tures will impose risks on the Japanese 
Experiment Module development and less flexi- 
bility in the utilization planning. 

occupied base to Japanese Experiment Module 
interface, it  introduces simplified subsystem 
architectures, some of which do not comply with 
essential requirements in program definition and 
requirements documents and joint program defi- 
nition and requirements document and interface 
control documents. The proposed interface 
imposes an adverse cost impact on Japanese 
Experiment Module subsystems, such as the 

Looked at from the point of Space Station 

electrical power system, data management sys- 
tem, and thermal control system in their 
redesign and additional development. Major 
impacts identified are: 
a. 

b. 

C. 

d. 

e. 

f. 

g. 

The electrical power system interface with 
four power feeders shared with the Attached 
Pressurized Module severely restricts power 
channel usage in the Japanese Experiment 
Module and is very likely to force architectur- 
al redesign in the Japanese Experiment 
Module. Four parallel DC to DC converter 
units should be dedicated,to the Japanese 
Experiment Module as current interface 
baseline. 

I 

Unstablized power supply to International 
Standard Payload Racks in the core module 
disables relocation of International Standard 
Payload Racks to and from the Japanese 
Experiment Module or Attached Pressurized 
Module. 

I 
I 

The Japanese Experiment Module system 
power allocation of 5.65 kW, which is the cur- 
rent baseline, is not clearly budgeted. Drastic 
reduction of the system power would require 
Japanese Experiment Module redesign. 

I 

The drastic change of the data management 
system interface and command and control 
scheme with 1553B data bus would treat the 
Japanese Experiment Module like a payload. 

The thermal control system interface change 
from external to internal is acceptable. 
However, the change of the agreed interface 
temperature would impact on the Japanese 
Experiment Module thermal control system. 

The deletion of the power data grapple fix- 
ture on the Japanese Experiment Module 
may increase the risk of Japanese 
Experiment Module assembly, because there 
would be no contingency power supply capa- 
bility for heating. 

The physical clearance between the solar 
array and the Japanese Experiment Module 
Exposed Facility is quite small and may 
cause dynamic and thermal interference. The 
assembly using the Space Station Remote 
Manipulator System could be a critical task 
also. 

I 

I 
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I h. Exposed Facility missions will be restricted 
because the solar array will limit the 
Exposed Facility field of view. In addition, 
when this Space Station flies solar inertia 
mode to increase electric power, Japanese 
Experiment Module-Exposed Facility pay- 
loads, which need continuous Earth or celes- 
tial observation, will be almost worthless. 

Specific critical areas, which need &I be reviewed 
for compliance with requirements and the system 
feasibility, are: 
a. If the single large volume is punctured by 

debris penetration, for instance, the methods 
of the repressurization and necessary hard- 
ware and logistics transportation for sur- 
vival, i.e., Safe Haven, are not clear. The 
puncture of the module could mean the end 
of the Space Station life. 

b. Proposed deletion of the established fire 
detection and suppression strategy, especial- 
ly fire localization by multiple cabin zones, 
looks risky from the point of safety. The par- 
titioning of the volume, sensor locations, the 
fire suppressant location, and the by-product 
clean up process should be shown. 

c. The verification process is not firm. For such 
a major project, the modified Space Shuttle 
test flight should be included as a part of the 
verification program to avoid catastrophic 
damage to the Partners, as well as the 
United States. 

d. The power consumption of the environmental 
control and life support system is unreason- 
ably low compared with the current Space 
Station Freedom environmental control and 
life support system despite having the larger 
volume and the same hardware as Space 
Station Freedom. Comparably low environ- 
mental control and life support system power 
consumption must increase if safety require- 
ments of partitioning are adequately imple- 
mented. 

e. The solar arrays, the body mounted radiators 
and the Canadian Arm are folded and 
attached to the large can during launch. 
However, during ascent, the can will be heat- 
ed and deformed by the pressure change. The 
design should be verified. 

l 

f. Safe disposal of this large module is not 
clear. 

From management viewpoint, the schedule risk 
is observed because i t  has to be restarted from 
the preliminary design with a new NASA man- 
agement organization and revised contracts. 
Establishment of the new management structure 
and negotiation of the costs with the contractors 
are time consuming processes and may result in 
schedule delay. 

Summary and Option Grading 

In summary: 
a. Option C has very limited continuation from 

the current program and sacrifices Partners’ 
past effort by forcing drastic change of inter- 
nationals’ role and interfaces. In addition, i t  
is premature in design and very risky in its 
nature. Therefore, this option cannot be 
accepted. 

b. Option A and Option B are within acceptable 
range; these have several items to be 
resolved though. 

c. As for the orbital inclination, i t  is strongly 
recommended to go with the current baseline 
of 28.8 degree considering the current Space 
Shuttle capability, advanced solid rocket 
motor development plan, and alternate 
access capability to the Space Station by 
Partners. 

Canadian Space Agency 
Technical Assessment 

Introduction 

This report provides the Canadian Space 
Agency’s (CSA) technical assessment and rating 
of the Station Redesign Team’s Options A, B and 
C. The technical assessment is summarized in 
the table titled International Partners Option 
Parameters-MSS Accommodation. The tables 
titled International Rating Sheet-MSS 
Accommodation, provide our rating of each 
option against top-level criteria. 
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It is assumed that the commitment to build 
and operate a Permanently Manned Civil Space 
Station in accordance with the Intergovernment 
Agreement and the Memorandum of 
Understanding will be maintained, and these 
agreements form the point of departure for the 
assessment and ratings. 

Due to the particular nature of the Canadian 
contribution and its role and integration in the 
station infrastructure, our assessment deals pri- 
marily with robotics assembly and external 
maintenance of the Space Station and impacts on 
the Canadian program. 

For its contribution to the Space Station, 
Canada is developing a Mobile Servicing System, 
and its ground support infrastructure, to  play a 
key role in the assembly and elttenal mainte- 
nance of Space Station Freedom, and its user 
facilities . 

The Mobile Servicing System includes a 
large manipulator (Space Station Remote 
Manipulator System) and a dexterous robot 
(Special Purpose Dexterous Manipulator). Both 
robots have been designed to operate from a base 
structure that includes special fixtures (payload 
and orbital replacement unit accommodations 
and a propulsion module attachment structure) 
to temporarily stow and provide services to Space 
Station components and payloads during Space 
Station assembly and maintenance operations. 

The robots, the base structure and payloads 
are moved along the entire length of the Space 
Station on a United States.supplied mobile 
transporter. The robots can also operate from 
special power data grapple fixtures located on 
the Space Station. On-orbit repair of the robots is 
performed on the Mobile Servicing System’s base 
structure. A truss mounted maintenance depot is 
provided for spares stowage and potential accom- 
modations for attached payload experiments. 

The Mobile Servicing System baseline design 
operates as an integrated robotics system and as  
the focal point for concurrent robotics and 
extravehicular astronaut activities. 

The Mobile Servicing System entered its 
manufacturing phase with the first of a series of 
critical design reviews taking place in December 
1992, with the second scheduled for August 1993. 

I t  is against this background that Canada 
participated in the United States initiated Space 
Station redesign activity, and we made this 
assessment. 

Assessment of the Space Station 
Redesign Options 

Approach 

This report summarizes the result of technical 
and schedule assessments of the redesign 
options, carried out by the Canadian Space 
Agency with support from its prime contractor, 
SPAR Aerospace Limited. Our assessment has 
been made against the options design data that 
was formally frozen by the Space Station 
Redesign Team during the week beginning May 
10. 

This assessment is incomplete because of the 
preliminary nature of the options design data 
available for review, the lack of a coherent set of 
requirements against which all options could be 
measured, and the unavailability of detailed 
schedule, cost and risk data. 

Our assessment of each option has been 
made relative to the Space Station Freedom base- 
line. In the tables we have quantified our assess- 
ment where possible. For technical and cost para- 
meters that  cannot be quantified, due to their 
complexity, an appropriate (high, medium, low) 
qualitative compliance-to-the-baseline assess- 
ment has been given. Specific cost impacts on the 
Mobile Servicing System are not provided, due to 
estimating time constraints and the immaturity 
of the Space Station designs and their schedules. 

In the international rating charts we have 
rated each stage of each option as if it  were the 
end-point of the program. This was done in accor- 
dance with the guidelines of the Station Redesign 
Team, but it results in a low rating for the early 
stages of Options A and B, which we would have 
given a higher rating if they were transition 
points to the permanently manned Space Station 
envisaged in the international agreements gov- 
erning the program. 

Summary Assessment 

Canadian user requirements can be met by the 
three options once they achieve the Permanent 
Human Presence with International Capability. 
Each option maintains our robotics role, but to 
varying degrees of compliance with the baseline. 

217 



Space Station Redesign Team Final Report 

We believe that Option B has the best chance 
of success with the least amount of risk, because . 
i t  is based on a mature and well understood 
design. Also, it maintains the complete role of the 
Mobile Servicing System as an integrated robot- 
ics system used for Space Station truss assembly 
and other assembly tasks, the transportation of 
massive components about the Space Station, 
and as a maintenance facility for robotics and 
crew at various worksites. Of the three designs, 
Option B has the least impact on the Canadian 
program. Option B also maintains the Space 
Station partnership in accordance with the 
agreements. 

much lower chance of success because the assem- 
bly will be very difficult and provisions for effi- 
cient maintenance no longer exist with the dele- 
tion of the Mobile Servicing System’s trans- 
porter, base structure and maintenance depot. 
Furthermore, distributed system architectural 
and launch accommodation changes, as well as 
schedule slips, will have a significant impact on 
the Canadian program. In addition, we expect 
that as more detailed design information 
becomes available it will be apparent that the 
repackaging of truss mounted avionics has 
adversely affected robotics accessibility. An issue 
not connected to the Mobile Servicing System, 
but of concern to Canada, is the planned utiliza- 
tion of the Space Shuttle Remote Manipulator 
System beyond its current design specification. 
Option A is particularly vulnerable to this since 
there is no backup for truss indexing. 

Though Option C has  fewer launch and 
assembly operations, it is also less desirable than 
Option B since it adds a new dimension of pro- 
gram risk because of its immaturity and use of a 
new launch concept. The Space Station requires 
robotics support but, due to its configuration, it 
does not need an integrated and mobile robotics 
servicing facility. Canadian robotics have a 
diminished role on the Option C Space Station. 
As with Option A, there are substantial subsys- 
tem architectural changes that would require 
significant changes to Canada’s contribution. 

Option A, in its present Configuration, has a 

Common Issues 

The Canadian program schedule is most affected 
in Option C with a 25 month delay, or longer if 
program go-ahead is not given by October 1993. 

I 

Option B has the least schedule impact with a 
15 month delay. 

Our large robotics manipulator has been 
designed to be launched in the Space Shuttle 
mounted on a Space Station truss segment and 
the dexterous robot in the Mobile Servicing 
System’s maintenance depot. Option C poses a 
radical change to the launch configuration for the 
manipulator. Options A and C, because they 
have deleted the maintenance depot, have affect- 
ed the launch accommodation of the dexterous 
robot. These changes mean that new flight sup- 
port equipment has to be developed. 

In the baseline program the Mobile Servicing 
System end-to-end command and control system, 
including data management, video and robotics 
workstations, is an integral part of the Space 
Station architecture, with NASA and CSA con- 
tributing. Substantial changes to the avionics 
systems proposed in Options A and C would 
require an all new self-contained Mobile 
Servicing System command, control and video 
system. 

The deletion of the robotics transporter in 
Options A and C impacts the Canadian program 
in several ways and represents a serious short- 
coming in the Option A design. While it is possi- 
ble for the large symmetrical manipulator to 
walk, like an inchworm, from one fixture to 
another, this complex operation was not intended 
to be its normal means of translation. Also with- 
out a transporter the dexterous robot can only be 
moved connected to the large manipulator, and 
this requires modifications to its design. A signif- 
icant operations risk with this method of transla- 
tion, particularly with Option A, occurs if there is 
a failure in the manipulator. It could then 
become stranded with no base structure where 
repairs could be carried out and no obvious way 
to carry i t  to a worksite or the orbiter. 

recommended that minimum spares be kept on- 
orbit. This would change the availability of ele- 
ments of the Space Station subject to failure. For 
the Canadian contribution, if i t  were not to have 
a robotics maintenance depot and base structure 
(as in the Option A and C designs) on-orbit main- 
tenance of the robots would be difficult if not 
impossible. This changes the entire maintain- 
ability design of the robots, and impacts their 
operational availability. 

The Operations Phase Assessment Team has 
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The Canadian Space Agency, while recogniz- 
ing the new dual access requirement, is con- 
cerned that the reduced shuttle upmass perfor- 
mance, which would result if the Space Station 
were placed in a 51.6 degree orbital inclination, 
may result in further schedule slips and launch 
cost increases. 

The requirement for an airlock on Space 
Station is still to be resolved. If an airlock is not 
included in the design then an orbiter aft flight 
deck workstation or ground control must be pro- 
vided for the Canadian robots. 

Current Space Station Freedom program 
safety requirements demand that triple redun- 
dant power and data services be provided to the 
manipulator when i t  is operating in the cargo 
bay. I t  is not evident that this requirement is 
satisfied in the Option A and C designs. 

technical assessments that are specific to indi- 
vidual Space Station options. 

The following paragraphs provide additional 

Option A Specific 

Option A would add significant new risk for 
assembly and maintenance of Space Station 
because of the deletion of the Mobile Servicing 
System transporter and base structure. In addi- 
tion, the Mobile Servicing System development 
costs would be increased by the change to  a self- 
contained robotics command, control and video 
system, and the proposed 21-month slip in the 
launch of the large manipulator. 

The deletion of the transporter and the 
Mobile Servicing System base structure means 
that the Mobile Servicing System would no 
longer operate as an integrated robotics system 
or as the focal point for concurrent robotics and 
astronaut activities. 

system operations required for Space Station 
assembly and maintenance would be feasible or 
whether the robots themselves could be serviced. 

Without a transporter, robotics tasks will 
have to rely on the relocatable feature of the 
large manipulator. Instead of transporting pay- 
loads along the truss, the manipulator will have 
to move them from one special stowage fixture to 
another, while the combination of the manipula- 
tor and the dexterous robot relocate. This method 
of transporting payloads requires new fixtures on 
the truss, two grapple fixtures on each payload 
(only one is required in the baseline) and new 
procedures. The truss-mounted payload stowage 

It is not evident whether the manipulator 

fixtures are variants of similar fixtures designed 
for the Mobile Servicing System’s base structure. 
However, these fixtures require power, a proces- 
sor for control and monitoring and a video link 
for their cameras. These are not provided in the 
current Option A design. Translation using the 
relocatable feature of the manipulator also will 
double the time to complete a task, with the 
attendant demand on crew time. Finally, the 
designs of the robots have been optimized for the 
Space Station Freedom task times, an increase 
will therefore affect their reliability and mainte- 
nance logistics upmass requirements. 

The lack of robotics mobility will complicate 
the assembly of Option A and put a greater 
demand on the Space Shuttle Remote 
Manipulator System. In Option A, the Space 
Shuttle manipulator is used to  index the partial- 
ly assembled Space Station, i.e., to  reposition the 
unpressurized berthing adapter. This represents 
a use of the shuttle manipulator in a task beyond 
its current design specification, thereby increas- 
ing the assembly risk, as no backup exists. 

The deletion of the robotics maintenance 
depot and its use as a stowage location for robot- 
ics spares affects on-orbit robotics maintenance 
and also removes the possibility of using this 
structure for external payload experiments. 

data management system will not allow the sys- 
tem to support the Mobile Servicing System’s 
processing requirements. Also, the video part of 
communications and tracking system does not 
support robotics video requirements, nor do the 
lap-top computers that replace the multipurpose 
workstations. These design changes mean that 
the Mobile Servicing System will now require a 
self-contained end-to-end command, control and 
video system with workstations. The new Mobile 
Servicing System video system may have to 
include a special effects processor and other fea- 
tures to  compensate for the combined effects of 
Option A’s poor direct viewing of the Mobile 
Servicing System’s operations, a reduction in the 
number of external cameras and lights, the dele- 
tion of the mobile transporter and a resulting 
greater reliance on robotics ground control. 

ed on the second flight with its first operation 
required during the next assembly flight. To 
accomplish this task a special orbiter aft flight 
deck workstation will be required, since the 
alternative is to control the robot from the 
ground and this may prove to be too ambitious at 
such an early stage. 

The proposed changes to  the Space Station 

The large Canadian manipulator is manifest- 
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Option B Specific 

Option B represents the least impact to Canada, 
though the schedule slips by 15 months, all ele- 
ments of the Mobile Servicing System are 
retained, as are their interfaces, functionality 
and roles. 

subsystems could impact the Mobile Servicing 
System's indirect viewing, fault tolerance and 
the design of the MSS embedded software. 
Relevant changes include deletion of one external 
and two internal video switches, core standard 
data processors moved outside and simplification 
of the network operating system, the master 
object data base manager and the user support 
environment. 

Changes in the data management and video 

Option C Specific 

Of the three redesign proposals, Option C repre- 
sents the most radical departure from the base- 
line Space Station design. Option C diminishes 
the role, functionality and integrated operations 
nature of the Mobile Servicing System. It signifi- 
cantly changes the Mobile Servicing System 
design, schedule and cost. 

The Option C schedule would delay the 
launch of the large manipulator by more than 
two years. Option C's subsystems are based on 
the Space Shuttle avionics architecture, which 
does not support the Canadian robots. As in 
Option A, the robots will require a self contained 
end-to-end command, control and video system, 
including all cameras and dedicated worksta- 
tions. This is  not provided in the basic Option C 
design. 

porter or base structure. However, unlike Option 
A, relocating the Space Station Remote 
Manipulator System by "inch-worming" from one 
fixture to another is more practical due to the 
Space Station configuration, if sufficient struc- 
tural stiffness is provided for the fixtures. The 
absence of a base structure upon which to per- 
form robotics repairs and a transporter to move a 
failed robot, is a serious deficiency. 

The Option C proposal to use the robotics fix- 
tures also for external payloads and experiments 
attachments is not practical without substantial 
changes to the subsystem architecture. Power, 
data and video to and from these fixtures are 
part of the, Option C-imposed, robotics self-con- 

Option C does not include a robotics trans- 

tained command and control system, which does 
not support their use for payloads. 

For Option C, the manipulator and the dex- 
terous robot are essential for tasks, such as 
berthing the European and Japanese laboratory 
modules and the Italian logistics module, orbiter 
cargo unloading, repositioning the Soyuz space- 
craft and dexterous tasks asso,ciated with main- 
tenance and attachment of mechanisms. Option 
C has between 60 and 100 external robotically 
compatible orbital replacement units, but there 
is no significant on-orbit assembly, and the robot- 
ics maintenance tasks are reduced from that on 
the baseline Space Station. 

The restricted access in the end-cone will 
likely result in the need to redesign the dexter- 
ous robot to allow i t  to work in more confined 
spaces. 

The current Option C configuration has the 
large manipulator launched in the nose cone of 
the Space Station. Our initial analysis indicates 
that it may not be possible to launch the manipu- 
lator in this fashion. The baseline design sup- 
ports the launch of the manipulator in the Space 
Shuttle on a section of the Space Station's truss. 

The deletion of the robotics maintenance 
depot and its use as a stowage location for robot- 
ics spares affects on-orbit robotics maintenance 
and also removes the possibility of using this 
structure for external payload experiments. Also, 
the Mobile Servicing System's maintenance 
depot serves as the flight support equipment for 
the launch of the dexterous robot. 

The plan to provide unregulated power to all 
users will require the addition of a conditioner 
for the robots or  a redesign of their internal 
power supplies. The power losses associated with 
regdating the power could be up to 20 percent. 
The same applies for Canadian user experi- 
ments. This redesign could also increase the 
mass of the Canadian robots. 

The keep-alive power allocated for the robots 
is significantly below that currently required and 
this remains an issue. 

In summary, the power situation is viewed 
as a significant shortcoming of the Option C 
design, considering both the quantity available 
and its quality. 

Conclusion 

Based on the effects that the redesign options 
have on the design, cost, schedule and risk to the 
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Canadian program, the Canadian Space Agency 
prefers Option B. 

Italian Space Agency Technical 
Assessment 

Background 

The AS1 and NASA bilateral cooperation on the 
Space Station program is based on the AS1 provi- 
sion to  NASA of two mini-pressurized logistics 
module’s and possibly (to be jointly decided by 
end of 1994) of a minilab to house the 2.5 meter 
diameter centrifuge for life sciences research and 
its associated equipment. 

In exchange for this provision, NASA will 
make available to AS1 a percentage of its payload 
accommodation and user resources on board the 
Space Station itself, for use by AS1 payloads, 
together with flight opportunities for AS1 crew 
members. 

For the operational phase, after the delivery, 
AS1 will be also responsible for: 

Engineering support to operations 
Sustaining engiqeering 
Logistics 

for the provided elements. 

Mini-Pressurized Logistics Module 
Accommodation 

General Assessment 

As a general evaluation of the current options, it  
has to  be remarked that Options A and B will 
substantially maintain the mini-pressurized 
logistics module role as it was envisaged when 
the NASA and AS1 Memorandum of Under- 
standing was signed. 

from 30 years to 15 years maximum, will drasti- 
cally reduce the negotiated compensation of the 
AS1 investments for the mini-pressurized logis- 
tics module development that is based on the 
agreed percentage of Space Station pressurized 
volume and payloads accommodation utilization. 

In Option C, even if the role of the mini-pres- 
surized logistics module is increased, requiring 

However, the reduced Space Station life time 

an additional unit, AS1 has identified an 
extremely high risk associated to  the “single ele- 
ment” development and launch concept. That 
concept could cause the mini-pressurized logis- 
tics module role and associated AS1 investment 
to vanish in case of failure or severe problems 
during programme development, launch and on- 
orbit life. 

This risk is not present in the other options 
that are based on multiple element development, 
several launches and several pressurized vol- 
umes on-orbit. 

&I underlines that this potential high pro- 
gramme risk associated with Option C needs to 
be carefully evaluated, and the large investments 
that AS1 has committed in order to  support the 
Space Station to be reconsidered. 

Logistic Scenario 

All presented options identify the mini-pressur- 
ized logistics module as the only pressurized car- 
rier for the logistic and utilization flights, after 
the first pressurized laboratory has been put in 
orbit. 

A consolidated logistic scenario is not yet 
available for the three options and some top-level 
requirements, such as optimal sizing of the mini- 
pressurized logistics module for 51.6 degree orbit 
and accommodation of refrigerator or freezer 
racks, are still to  be finalized. 

The concept of dual access could imply use of 
elements of the Russian logistics infrastructure 
that may diminish the mini-pressurized logistics 
module role and/or imply use of expendable 
launchers such as Ariane V or Titan IV that  
would require adaptation of the mini-pressurized 
logistics module. 

Impact on the Mini-Pressurized 
Logistics Module Design 

Option A has identified the need for a stretched 
version of the mini-pressurized logistics module 
(to accommodate up to 12 racks) and the need for 
one additional unit in order to  satisfy the logistic 
scenario. 

fied version of the mini-pressurized logistics 
module to  be utilized as a closet module. 

’ 

Option A has identified the need for a modi- 
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AS1 has performed preliminary studies to 
identify the feasibility to have a stretched mini- 
pressurized logistics module configuration and 
an efficient derivative for closet module applica- 
tion. AS1 confirms the feasibility and the efficien- 
cy of the mini-pressurized logistics module con- 
figuration to be utilized for this application. A 
potential severe design change could be envis- 
aged if the requirements that  additional freezer 
or refrigerators will be implemented (four 
instead of the present baseline of two). 

vide the requested mini-pressurized logistics 
module units (three flight units) and the closet 
module upon the Memorandum of 
Understanding renegotiation. 

For Option B, no impacts on the mini-pres- 
surized logistics module design are identified to 
date. 

For Option C, impacts are preliminary iden- 
tified on electrical, data management and soft- 
ware; minor impact on mechanical and fluid sys- 
tems. 

At the present time, Option B and Option C 
have not identified a need for the mini-pressur- 
ized logistics module modified version. However, 
if the selected orbit for Space Station will be dif- 
ferent from the present 28 degree orbit, it seems 
highly probable that a modified version will bet- 
ter satisfy the logistics scenario of both options, 
considering the different Space Shuttle lifting 
capability at different orbital inclinations. 

AS1 confirms its availability to provide 
NASA with the mini-pressurized logistics module 
configuration that optimizes the logistic scenario 
for each Space Station configuration, including 
the provision of the third mini-pressurized logis- 
tics module unit, as already stated for Option A 

AS1 confirms, as well, its willingness to pro- 

Schedule and Cost Impact 

All options preliminarily show an increase of AS1 
incurred operations cost, due to a more extensive 
use of the mini-pressurized logistics module, 
with respect to the current Space Station 
Freedom scenario. 

units: the third mini-pressurized logistics module 
and closet module) and Option C (design changes 

Option A (potential need for two additional 

and potential need for a third flight unit) imply 
an increase of AS1 development costs. 

pressurized logistics module flight, delay that 
ranges from 8 to 15 months with respect to the 
present baseline (September 1997). 

All options envisage a delay of the first mini- 

Uti1 izat ion Resources 

They are defined in the Agreement as volume, 
power, crew time, Space Shuttle and Tracking 
and nata Relay Satellite System services. 

finalized, i t  is difficult to compare the resources 
made available to AS1 by the various options. 
Nevertheless, two important factors must be 
underlined: 

Shuttle capabilities, resulting in a decrease of 
transportation services for the Partners. 

years against 30) greatly reduces the resources 
available over time. 

As the operational scenario is not completely 

The 51.6 degree orbit greatly reduces Space 

The new lifetime of the Space Station (10 

Minilab Accommodation 

Options A and B in their final configuration show 
the possibility to accommodate the Minilab. 

proposes a “built-in” centrifuge. 
Option C excludes this possibility because i t  

Open Issues 

Consolidated logistics scenario not yet finalized. 

tics module size for 51.6 degree orbit to be 
assessed. 

ator and freezer racks to be finalized. 

logistics module to expendable launcher,s to be 
defined. 

module of potential use of Russian logistic ele- 
ments to  be defined. 

ability of the Minilab to house it to be defined. 

Optimization of the mini-pressurized logis- 

Requirements for accommodation of refriger- 

Potential adaptation of the mini-pressurized 

Impact on the mini-pressurized logistics 

Presence of the centrifuge and relevant suit- 
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Introduction 

The three alternative Space Station designs 
were costed with the direction of the Advisory 
Committee. Each of these was carried through 
Permanent Human Capability, including ele- 
ments of the International Partners. In addition, 
several “stopping places” were costed, i.e., config- 
urations which stop at the Power Station, 
Human Tended Capability or International 
Human Tended Capability. The incremental cost 
of selecting a different orbital inclination 51.6 
degrees than the baseline 28.8 degrees was also 
calculated. There are many other factors which 
figure into the calculations, such as manage- 
ment and procurement approach, relationship to 
ongoing NASA programs, degree of civil service 
personnel involvement, schedule and cost risk 
assessments; these are addressed below. 

The Redesign Team received explicit guid- 
ance from the NASA Administrator to ensure 
that each option had credible schedule and cost 
estimates, including specific schedule margins 
and appropriate reserves and allowance for pro- 
gram adjustment. For Options A and B, the 
results of the review of the baseline program by 
the NASA Administrator’s Independent Cost 
Assessment Team were factored into the assess- 
ment. The independent assessment indicated 
that the baseline Space Station Freedom 
Program was behind schedule and faced a num- 
ber of cost and schedule threats which would 
require additional funding to accommodate. This 
resulted in a decision to  establish the Options A 
and B first element launch date at October 1997, 
a 19 month slip from the original baseline of 
March 1996. 

A key factor in reviewing program options 
was to find ways to respond to total budgetary 
availability at three levels for the fiscal year 
1994 through fiscal year 1998 period. These lev- 
els for the five year period amounted to $5 bil- 
lion, $7 billion and $9 billion, respectively. The 
concomitant annual funding availability for fis- 

cal year 1995 through 1998 was limited to 
approximately $1.0 billion, $1.2 billion and $1.8 
billion per year, respectively, for the three levels. 
The September 1992 estimate of the equivalent 
funding levels for the Space Station Freedom 
Program covering the same five year period 
amounted to $14.4 billion, and required peak 
funding of $3.2 billion. This estimate preceded 
the disclosure of major schedule-related and 
additional funding problems required to com- 
plete the Space Station Freedom’s development. 
It excluded the provision of an assured crew 
return vehicle, the costs of Space Shuttle trans- 
portation (other than unique support), and the 
salaries and benefits for the Space Station 
Program’s civil service workforce. 

Scope of Cost Estimates 

The scope of the costs required for the redesigned 
Space Station options include not only the devel- 
opment and operations costs which are common- 
ly represented as the Space Station program 
budget, but also the other directly coupled costs 
such as crew emergency return provisions, pay- 
loads and science, institutional support, Space 
Shuttle modifications and support, unique facili- 
ty. construction, and certain early flight research 
missions. This last item enables the science com- 
munity to trade off building equipment which 
would be dedicated to the Space Station with 
precursor flights using the shuttle and Spacelab 
combination and to the Russian Mir space sta- 
tion. Finally, redirection of the program involves 
contractual changes for the Government’s conve- 
nience which requires partial or whole termina- 
tion of activities, and resultant outlays for a vari- 
ety of costs, including employee severance pay, 
facility lease terminations and liquidation of 
outstanding purchase orders for parts and 
materials. 
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Baseline Program Approach 

Currently, design and development of the United 
States elements of the Space Station Freedom 
Program involves over 16,000 employees of first 
and second-tier contractors, expenditures in 
excess of $2 billion per year, and over 2,300 civil 
servants. This workforce is geographically dis- 
persed, especially so when the third-tier suppli- 
ers of parts and materials are taken into account. 
The civil servants are located in resident ofices 
a t  the prime contractor’s sites and at five princi- 
pal NASA field centers and NASA Headquarters. 
Program expenditures cover all program cost ele- 
ments of the prime contractor effort across what 
are referred to as “work packages.” In addition, 
there are contractors developing facilities, equip- 
ment, and integrating software for crew training, 
flight and payload operations, engineering analy- 
ses and launch site processing. The latter is 
referred to as Operations and Utilization 
Capability Development. Coupled with these are 
the analytical engineering support and testing, 
program management and integration, and pro- 
gram control functions. These are referred to as 
supporting development and program engineer- 
ing and integration The integration for the pro- 
gram as a whole, including the International 
Partners, is managed by the Space Station 
Freedom Program Office a t  Reston, Virginia. 

There is also a significant integration 
requirement with the Space Shuttle, and the 
user community, the developers, sponsors and 
operators of scientific, commercial, and engineer- 
ing payloads. The program requirement for com- 
patibility with the launch and in-orbit capabili- 
ties of the Space Shuttle has been a key cost dri- 
ver. Another key factor in the program costs has 
been the desires, if not requirements, of the cus- 
tomers for extremely low microgravity, long 
duration staytimes, rapid and easy access, high 
power levels and crew time. A third cost factor 
has been the provision of capabilities and ser- 
vices to the International Partners. In return, of 
course, the International Partners provide labo- 
ratory space and external payload and robotic 
capabilities. 

Estimating Approach 

Costs were estimated beginning in fiscal year 
1994 and continuing through a 10 year mission 

life assumed to end (for estimating purposes) 
when the Permanent Human Capability mile- 
stone is accomplished or (if later) when the last 
International Partner module is launched. The 
budgetary phasing of the cost estimates has been 
analyzed under two basic assumptions. First, 
costs were phased assuming a n  unconstrained 
annual budget and targeted to deliver the earli- 
est occurrence of program milestones (including 
a reasonable allowance for schedule margin). A 
second cost phasing was generated assuming a 
constrained program annual budget availability 
and program milestones were allowed to slip as 
governed by funding. 

Basis of Cost Estimates 

Development Program Estimates 

In this activity, there has been a greatly dimin- 
ished need for using cost estimating relation- 
ships derived from aerospace cost models. The 
relative design maturity of the systems and soft- 
ware for Option A and Option B has meant that 
the adjusted contractor design and development 
estimates for equipment at the subsystem and 
system level can be employed as a point of depar- 
ture. The Government adjustments to the con- 
tractor cost have taken into account the current 
Space Station Freedom Program’s technical 
issues, schedule problems and cost growth. As 
flight equipment deletions were identified on a 
subsystem by subsystem basis by the redesign 
process, the costs of the deleted equipment were 
deducted. Where systems simplifications were 
made, engineering estimates of the costs of the 
revised systems were made and included in the 
cost. In either case, add-back costs were included 
for analytical and physical reintegration and test 
of the subsystems affected. In addition, the 
Option A- 1 configuration, which uses the existing 
Bus- 1 spacecraft, assumes that NASA will modi- 
fy two production spacecraft. Both the nonrecur- 
ring modification costs and the costs to replace 
the two Bus-1 flight articles have been included. 

The cost estimating approach for Option C 
reflects the hybrid character of the design and 
development plans for this configuration. For 
those subsystems which use flight hardware 
derived from the Space Station Freedom 
Program, Option C uses the same approach of 
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cost deletions and cost add-backs as was used in 
Option A and Option B. For those Option C sub- 
systems which utilize Space Shuttle or Spacelab 
hardware, the approach is the same but uses the 
Space Shuttle program logistics procurement 
data as the pricing basis of flight system hard- 
ware components. For those Option C subsys- 
tems which are new designs (e.g., the structure 
of the large diameter pressurized module), para- 
metric cost estimates have been used based on 
cost estimating relationships from NASA experi- 
ence in human space flight. For the launch vehi- 
cle component of Option C, the cost estimates are 
based on data extensively reviewed in previous 
studies of Space Shuttle-derived heavy lift 
launch vehicles. 

Since the ongoing Space Shuttle program 
provides equipment, systems, software, engineer- 
ing and integration capabilities of use to Option 
C, an additive funding requirement approach 
was utilized to cost this option. That is, instead 
of allocating costs to the two programs on a pro- 
rated basis, the planned funding requirement to 
carry out the basic Space shuttle program of 
flights was retained as a Space'Shuttle-identifi- 
able budget requirement, and only the additive 
costs to this base to execute Option C were iden- 
tified against Option C. This approach enables 
the true costs of continuing to fly the Space 
Shuttle to be separately identified from this 
design option for the Space Station. It also 
enables comparisons to be made of the unique 
funding requirements among the options. 

Procurement and Management 

A key element in the cost estimates for each 
option is the recognition that there is a substan- 
tial, realizable savings potential from manage- 
ment, organizational and contract changes. A 
major emphasis in the cost analyses is the quan- 
tification of savings which could result from the 
proposed changes to the existing program man- 
agement approach. Major changes in program 
structure, degree of Government oversight, uti- 
lization of NASA civil service personnel and oper- 
ational philosophy have the potential of enabling 
savings from the current Space Station Freedom 
baseline management cost. In some areas, the 
solution is to eliminate excessive management 
layers and thereby reduce personnel costs. A key 
to this is altering the present procurement strat- 
egy and adopting a single prime contractor who 

has overall integration responsibility. A corollary 
is reducing the size of the NASA program and 
project management staff and eliminating the 
standalone Level I1 (program level) at the Reston 
site. In addition, NASA personnel will be reas- 
signed to perform specific operational functions 
where their expertise can be brought to bear 
most effectively. The operational philosophy will 
be altered to emphasize more autonomous opera- 
tions and safe-hold failure responses, thereby 
reducing the size of control center staffs and sup- 
porting engineering personnel. 

several studies were done by the program 
management and program control subteams to 
assess the cost savings potential of proposed 
management changes. These included examina- 
tions of intelligence agency space programs 
which have delivered systems for 15 percent to 
30 percent less when using a dedicated program 
office, analyses of historical NASA human pro- 
gram management analogs which indicate a 20 
percent savings compared to the current Space 
Station Program, estimates of revised contractor 
and civil service personnel loading requirements 
due to consolidation and elimination of overlaps 
within the primes, and assessments from the 
Space Station Freedom Program Level 11 and 
Level I11 ofices of potential reductions due to 
structural improvements, change management 
and other efficiencies. All of these analyses argue 
for taking cost savings into account when esti- 
mating future program costs. The issue has been 
the amount of cost savings realizable. Compared 
to the program plan in the fall of 1992, the esti- 
mates for Option A and Option B reflect an 
approximate annual savings of $300 million 
which is approximately 15 percent. 

I 

I 

I 

I 

I 

Operations and User Support 

The elements of cost for Operations and 
Operations and Utilization Capability Develop- 
ment were discretely estimated by experienced 
NASA personnel engaged in the Operations 
Phase Assessment Team activities. The Opera- 
tions costs cover not only conventional mission 
preparations, training, mission control, logistics, 
sustaining engineering, and management and 
integration, but also payload operations support, 
integrated payload training and payload analyti- 
cal and physical integration into flight racks or 
other carriers. These two aspects were segregat- 
ed during the team's analysis of costs. 
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In the search for the optimum tradeoff 
between cost and capability, the operations 
phase assessment team determined that the per- 
sonnel, logistics, facilities and equipment costs 
could be reduced from present Space Station 
Freedom estimates either by accepting more risk 
or by combining facilities. Accordingly, in the 
final phase of the study, a significant cost advan- 
tage was determined to be present if the mission 
control and integrated training activities were 
not geographically distributed, as is the case 
with the current program’s approach. The cost 
reduction over the fiscal year 1994 to 1998 period 
for this consolidation was estimated to be nearly 
$0.5 billion. 

The estimates for user support estimates 
were increased over prior estimates because the 
team discovered inadequacies in the provision of 
certain common equipment and capabilities. Our 
estimate of the funding needed for additional lab- 
oratory support and related equipment was 
accordingly increased by over $130 million. 

The basis for the operations cost reductions 
has been discussed in detail in the Operations 
section of this report. For costing, recommended 
changes in operations philosophy were incorpo- 
rated, including combining mission control pay- 
load and housekeeping system operations and 
altering the approach to calculating the probabil- 
ity of sufficiency for meeting spares require- 
ments. However, a 25 percent reserve was added 
to the estimates. This reserve level is somewhat 
higher than the normal 20 percent factor at this 
stage, but was selected in recognition of the 
potential for some alterations in the estimates, 
whether due to maturation or changes in opera- 
tions approaches. 

There are a set of cost elements within oper- 
ations which form the basis for the reimburse- 
ment to the United States from our International 
Partners. These cost elements for operations 
have not been examined in depth or validated, 
although a preliminary estimate of approximate- 
ly $500-525 million per year, exclusive of Space 
Shuttle launch costs, in constant 1993 dollars 
was generated for Options A and B. Time did not 
permit development of a similar costs elements 
estimate for Option C. In addition, the 
International Partners have requested an official 
NASA position on the pricing which would be 
employed for the Space Shuttle to conduct the 
launches of the Japanese and European modules 
and for operational support. We were unable to 
provide that information to the International 

Partners. It should be noted that, in the absence 
of the pricing policy determination, the cost esti- 
mates for the program do not reflect any offsets 
to the United States costs for any such potential 
reimbursements. 

Space Shuttle Integration and 
mansportation Capability 

This element of cost covers the requirements 
associated with integrating the Space Station 
into the Space Shuttle. The requirements range 
from the provision of docking hardware to orbiter 
payload bay keel fittings and extravehicular 
mobility units (commonly referred to as space 
suits). For options involving consideration of 51.6 
degree inclination orbits, the aluminum lithium 
external tank was included in the cost estimates 
at approximately $300 million through fiscal 
year 1998, with a flight readiness in 48 months 
after authority to proceed. Assuming an October 
1993 authority to proceed date, this schedule 
supports the Options A and B assembly schedule 
start dates of October 1997. All options. had to 
include provisions for altering the Space Shuttle 
orbiter’s reaction control system at a cost of 
approximately $70 million for Option B and $175 
million for Options A and C. 

Assured Crew Return Vehicle 

The cost estimates incorporated for the Soyuz 
assured crew return vehicle assume the vehicle 
is modified to extend its orbital life beyond the 
current Russian baseline of approximately six 
months. NASA parametric cost models were used 
to generate the estimates of these modifications. 
In addition, the integration of the Soyuz into the 
Space Shuttle, including launch site processing, 
were costed. The estimates do not reflect input 
from the Russian Space Agency as to the cost of 
the Soyuz spacecraft or the modifications they 
would make to extend the orbital staytime. This 
is an area of greater uncertainty in the estimates 
than most areas. 

From a life cycle cost standpoint, the esti- 
mates assume that in the early 2000s, the 
European Space Agency’s assured crew return 
vehicle is developed and used by the Space 
Station program as the long-term solution. No 
United‘States costs were included in the esti- 
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mates for this based on the general agreement 
within the Station Redesign Team after consulta- 
tion with the European Space Agency represen- 
tatives to the Team that a bartering arrange- 
ment would be a suitable costing assumption. To 
the extent that the member governments of the 
European Space Agency have not committed to a 
hardware development for the assured crew 
return vehicle, this represents a longer term cost 
risk to  these estimates. 

The costs representing the Space Station 
Freedom baseline program do include an esti- 
mate for a United States provided assured crew 
return vehicle. The estimate for this vehicle is 
approximately $1.2 billion for fiscal year 1994 to 
1998, and an additional $0.5 billion to reach 
Permanent Human Capability. For comparative 
purposes, the Soyuz assured crew return vehicle 
cost could be assumed at values of $0.3 billion 
and an additional $0.2 billion, respectively. 

Science, Technology, Applications 
and Engineering Research 

The funding requirements for science, technolo- 
gy, applications and engineering research take 
into account not only the development of pay- 
loads to fly on the Space Station but also the sup- 
port needed for the ongoing Spacelab program 
and cooperative international research efforts. 
The cost estimates for each option reflect the 
Station Redesign Team’s strategy for utilizing 
the Spacelab, Russian Mir space station, and the 
Space Station. Given the differing flight 
sequences for the options, and the availability 
and quality of the research opportunities, each 
option reflects somewhat differing estimates for 
the annual budgetary resource requirements; 
these differences extend to the distribution 
among the various disciplines which would be 
funded from the approximately $1.5 billion of 
planned fiscal year 1994 to 1998 availability. 

figure, the Station Redesign Team’s science, 
technology, applications and engineering 
research representatives developed an “uncon- 
strained‘‘ estimate of budgetary requirements. 
This estimate exceeded $3 billion. Given the 
overall budgetary constraints for the Space 
Station redesign effort, the $3 billion option was 
considered not realistic. One assumption made in 
the development of thei$l.5 billion value was 

Prior to the development of the $1.5 billion 

that engineering research payloads from non- 
commercial entities would not compete for funds 
with life sciences and microgravity science and 
applications payloads. This is consistent with the 
absence of identified payload funding for engi- 
neering research in the NASA fall 1992 budget 
submission to the Ofice of Management and 
Budget. Due to that exclusion, the Office of 
Management and Budget did not decrement the 
fiscal year 1994 budget for Space Research and 
Technology as it did the budgets for Life and 
Microgravity Sciences and Commercial 
Programs. This does not preclude the flight of 
engineering research payloads on the Space 
Station. However, the Space Station would be 
considered another target of opportunity for 
flight experimentation, just as is the case with 
the Space Shuttle, Spacelab, and the commercial 
Spacehab carriers. 

personnel from NASA Headquarters and field 
installations developed and analyzed the cost 
estimates for experiment development for 
Spacelab research flights as well as payloads 
developed uniquely for the Space Station. These 
estimates were reviewed as to their basis, 
methodology, approach to using NASA in-house 
assets and maturity. Reserves were estimated for 
each major development. In addition, appropri- 
ate funding allowances were made for supporting 
lab equipment where that was necessary. The 
estimates reflect widely varying levels of maturi- 
ty, ranging from modifications to existing hard- 
ware to  developments of major new facilities. 

A significant uncertainty in the estimates 
was the level of capabilities which would be fur- 
nished by key Space Station systems, such as the 
data management system and the communica- 
tions and tracking system. In addition, the num- 
ber and frequency of Spacelab flight opportuni- 
ties is related to  the assembly manifest planning 
for each option. For purposes of determining a 
resource value for the options, the approximate 
$1.5 billion was determined to represent an ade- 
quate basis for budgetary planning. Further 
analysis will be required once an option for the 
Space Station is selected. 

The Station Redesign Team and supporting 

Summary Results 

Summary level results of the station redesign 
cost estimating analysis for each option and by 

cost 
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Table 38 
Funding for Power Station configuration (1 994-1 998) 

Billlonr of Dollars 

I 

Space Station Program 

Shuttle Integration 

Payloads & Early Flight Research 

Total, FY '1994-1998 

I (Date Achieved) 

Modular Bus-1 (A-1) 
Modular SSF-derived (A-2) 
Jmproved Freedom (8) 

Power Station Configuration 

Option A-1 

4.5 

0.4 

1.5 

Dec-97 

FY 1994 

1.4 
1.2 
1.3 

Option A-2 

3.8 

0.4 ' 

1.5 

---- 
5.7 

Dee97 

FY 1995 

1.6 
1.3 
1.4 

Option B 

4.5 

0.3 

1.5 

NOv-97 

FY 1996 

1.5 
1.3 
1.5 

FY 1997 

1.1 
1.1 
1.2 

FY 1998 

0.9 
0.8 
0.9 

phase are reported here. The total of the funding 
required for each option for the fiscal year 1994 
through fiscal year 1998 period and to the end of 
the major phase are shown in Tables 38 through 
41. "here are two factors which are of impor- 
tance in evaluating the estimates: one is the 
amount for payloads and early flight research, 
held constant at approximately $1.5 billion; the 
other is that the estimates do not reflect hnding 
constraints. If funding constraints were imposed, 
the scheduled completion dates would obviously 
move out in time and the estimated costs at com- 
pletion of the phase would increase. 

As can be seen, none of the three Space 
Station redesign configurations for the 
Permanent Human Capability phase fall within 
the budget targets of $5 billion, $7 billion and $9 
billion for fiscal year 1994 through fiscal year 
1998, cumulatively. In reduced capability config- 
urations for Options A and B, the Power Station 
configuration does meet the $5 to  7 billion target. 
(The cost totals for this configuration, as shown 
in Table 38, do not reflect the cumulative cost at 
the completion milestone; rather, the totals 

include the residual funding requirement for the 
remainder of fiscal year 1998. If put on a cost-at- 
completion basis, the totals would be reduced by 
approximately $600 million.) Extending the 
development of Options A and B beyond the 
Power Station phase to the Human Tended 
phase requires funding of approximately $11-12 
billion during fiscal year 1994 to 1998. The 
Option A approaches would achieve the comple- 
tion milestone prior to  the end of fiscal year 
1998. Option A and B's next plateau, the 
International Human Tended Capability phase, 
have estimated costs of about $12 billion for fis- 
cal year 1994-1998, but require $2 billion and $4 
billion of additional funding beyond that point for 
the two Option A approaches and Option B, 
respectively. Option C's estimated Permanent 
Human Capability fiscal year 1994 to 1998 cost 
of about $12 billion exceeds the $9 billion target 
level, and requires another $3 billion to comple- 
tion. 

These tables also show the annual funding 
requirements between fiscal year 1994 and fiscal 
year 1998 for each option. No option meets the 
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Table 39 
Funding comparison through Human Tended Configuration 

Bllllona of Dollars 

I FY 1994-1998 Funding 

Space Statlon Program 

Shuttle lntegratlon 

Payloads & Early Fllght Research 

Crew Rescue Vehlcle 

Total 

I Post-FY 1998 Funding I 
Program through Human Tended Capabll 
Payloads and Other through Human Tended Capability 

Total through Human Tended Capablllty 
I ( D a b  Achlrved) 

FY 1994 

Modular Bus-1 (A-1) 
Modular SSF-derlved (A-2) 
Improved Freedom (8 )  

2.1 
2.0 
2.2 

Aodular-Bus 1 
Approach 

9.2 

0.7 

1 .5 

NIA 

11.4 

----- 
11.4 

JUl-98 

FY 1995 

2.7 
2.4 
2.5 

Modular 
iSF-Derlved 

8.7 

0.7 

1.5 

NIA 

10.9 
----- 

_____ 
10.9 

JuI-98 

FY 1996 

2.5 
2.3 
2.4 

Improved 
Freedom 

9.3 

0.6 

1.5 

0.3 
0.1 

11.8 
Dec-98 

-____ 

FY 1997 

2.2 
2.2 
2.3 

Table 40 
Funding through International Human Tended Capability configuration 

alms Of D d h n  

Space Statlon Program 

Space Shullle lntegratlon 

Facllltles 

Payloads and Early Flight Research 

Total. FY 1994-1998 

Addlllonal Fundlng 10 Complrllon 

Tolal at Inlrrnallonal Human Tended 

Modular Bur-1 (A-1) 
Modular SSFderlved (A-2) 
Improved Freedom (B) 

bptlon A-1 

9.5 

0.7 

0.0 

1.5 

_____  
11.8 

2.14 

13.89 
Jan-00 

FY 1994 

2.2 
2.1 
2.3 

_---- 

)ptlon A-2 

9.0 

0.7 

0.0 

1.5 

_-_-- 
11.3 

2.16 

13.42 
Jan-00 

FY 1995 

2.7 
2.4 
2.6 

---_- 

ption B 

10.3 

0.6 

0.0 

1.5 

---__ 
12.4 

4.03 

16.40 
M.r-01 

FY 1996 

2.6 
2.5 
2.8 

_-___ 

FY 1997 FV 1998 

2.3 2.0 
2.3 2.0 
2.6 2.2 

FY 1998 

1.9 
2.0 
2.0 
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Modular 
iSF-Derlved 

10.2 

0.7 

1.5 

0.3 

12.8 

2.8 

1 .o 

16.5 
Oct. 2000 

----- 

Table 41 
Funding comparison through Permanent Human Presence 

improved 
Freedom 

11.0 

0.6 

1.5 

0.2 

13.3 

4.6 

1.4 

19.3 
Decem. 2001 

----- 

I FY 1994-1998 Funding 

Space Station Program 

Shuttle integration 

Payloads & Early Flight Research 

Crew Rescue Vehicle 

Total FY 1994-1998 

I Post FV 1998 Funding I 
Program through PHC 

Payloads and Other through PHC 

Total through PHC 
I (Date Achleved) 

Annual Fundlng 

independent Assessment 
Modular-Bus-1 (A-1) 
Modular-SSF Derived (A-2) 
improved Freedom (B) 
Single Launch Core (C) 

PHC-Permanent Human CapaMltty 

8asellne 
Assessed 

14.5 

0.4 

1.4 

1.2 

17.6 
_____ 

6.0 

1.4 

25.1 
Mar. 2001 

----- 

FY 1994 

3.0 
2.4 
2.3 
2.3 
1.8 

annual finding targets of $1.0 billion, $1.2 bil- 
lion or $1.8 billion at full Permanent Human 
Capability while simultaneously achieving the 
schedule milestones desired. To have achieved 
the schedule milestone for this capability for 
either Options A or B would have required a rad- 
ical alteration of their assembly plans, which 
generally are consistent with those of the Space 
Station Freedom Program, and a concurrent 
redefinition of the Permanent Human Capability 
milestone to exclude the on-orbit installation of 
the International Partner’s modules. This mile- 
stone definition is of particular importance in 
calculating the costs through Permanent Human 
Capability of Option C, because the referenced 
completion date of January 2091 is over a year 
later than the planned permanent habitation of 
its core station. 

targets except for the Power Station plateau 
Despite the fact that no option meets the cost 

Ilodular-Bus 1 
Approach 

10.7 

0.7 

1.5 

0.3 

13.3 

2.7 

1 .o 

17.0 
Oct. 2000 

FY 1995 

3.3 
3.1 
2.8 
2.6 
1.8 

iingie Launch 
:ore Station 

9.4 

0.6 

1.5 

0.4 

11.9 
----- 

2.4 

0.9 

15.2 
Jan. 2001 

----- 

FV 1996 FV 1997 FY 1998 

3.7 3.8 3.7 
2.9 2.5 2.4 
2.8 2.6 2.4 
2.9 2.8 2.7 
2.8 3.0 2.4 

point, the redesign options do offer potential sav- 
ings when compared to the existing baseline 
Space Station Freedom Program projected costs. 
This comparison is indicated in Table 41, but is 
perhaps better illustrated in Figures 109 
through 112, which provide a graphic representa- 
tion of the Permanent Human Capability costs. 
The first figure provides the comparative funding 
for the fiscal year 1994 to 1998 period, the second 
from fiscal year 1994 to the completion of the 
phase, the third displays the ten years of opera- 
tions costs, and the final aggregates costs for the 
entire period. The estimates exclude the approxi- 
mately $10.3 billion expended through fiscal year 
1993 for costs for the program, facilities, integra- 
tion and payloads. The estimates on Figure 110 
presenting the fiscal year 1994 to completion of 
Permanent Human Capability costs, should be 
understood as  reflecting not only the real differ- 
ences in the content of each option, and its 
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Figure 109 
Comparative funding - fiscal year 1994 to 1998 

Through Permanent Human 

ISPACE STATION FREEDOM 

z 

d 

nvrinN -. . . - 

SSF SSF MODULAR MODULAR FREEDOM SINGLE 
LAUNCH SEPT INDEPENDENT STATION STATION DERIVED 

1992 COST W/BUS-l STATION CORE 
ASSESSMENT STATION 

DATE ACHIEMD SEP/OO MAW0 1 ocT/oo ocT/oo DEC/Ol JAN/Ol 

Figure 110 
Comparative funding from fiscal year 1994 to completion of Permanent Human Capability 
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30 1 SPACE STATION 
FREEDOM 

$25.08 

-r -r -r 

SSF MODULAR MODULAR FREEDOM SINGLE 
SEPT STATION STATION DERIVED LAUNCH 
1 9 9 2  W/BUS-1 STAT I ON CORE 

STATION 

OPT A1 

$1 3.58 

OPT A2  

f 1 3.58 

OPT B 

$1 3.78 
OPT C 

$10.48 

I Cost for @?rations and 
Payloads plus IO Years 

1 .8B 
T 
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Figure 11 1 
Ten years of operations costs 
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Figure 112 
fiscal year 1994 through Permanent Human Capability plus 10 years 
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according cost, but also a time dependency rela- 
tionship. In aggregating the costs through the 
month and year of the completion date, the team 
realized that the comparison could reflect 
adversely on Option B’s decision to defer the 
assembly completion date in favor of continuihg 
the baseline Space Station Freedom’s flight plan 
of three utilization flights per year. Optimization 
of the hardware build and cost phasing plan 
could enable an earlier completion date and 
avoidance of the ongoing operations cost which 
accrue to the later date. 

Risk Analysis 

Any cost estimate for a program as complex and 
as challenging as the Space Station obviously has 
significant uncertainties or risk associated with 
its development and operating cost estimates. 
These risks are due to uncertainties that are a 
fact of life for space system developments, partic- 
ularly those that involve the added difficulty of 
assuring the safety of human beings in the unfor- 
giving environment of space. In addition, there 
are estimating uncertainties associated with the 
management streamlining, the hardware dele- 
tions and simplifications, risks in the “to-go” cost 
of the Space Station Freedom Program which 
formed the basis for the estimates for the 
redesigned station options, possible growth in 
cost driving variables and content and other 
design uncertainties that lead to estimating inac- 
curacies. 

Even more pertinent, the cost estimates of 
these Space Station redesign options are inher- 
ently complicated by the fact that the three 
options reflect different levels of understanding 
and design maturity. The levels of reserve have 
been calculated on each subsystem, based on an 
evaluation of the design and development matu- 
rity level. The evaluations of these maturity lev- 
els were provided by the technical community to 
the cost estimating team. The reserves discretely 
applied ranged from 35 percent for new design 
work to 25 percent for a preliminary design 
review level of definition, and for higher levels of 
definition, 20 percent for the critical design 
review level, 15 percent for modification to  exist- 
ing hardware and 10 percent for “off-the-shelf” 
hardware. 

In an attempt to evaluate the possible range 
of error in our estimates, given the differing lev- 

els of understanding and design maturity among 
the options, a cost risk analysis was also per- 
formed to illuminate the possible effects of this 
cost uncertainty on the results. This was accom- 
plished by establishing confidence intervals 
around the discrete subsystem level estimates of 
each of the major cost elements of each option. 
These ranges were based on risk and reserve 
assessments and were expressed as low, most 
likely and high values. A Monte Carlo analyses 
was then performed which aggregated simulated 
subsystem level costs up to total program costs 
over several hundred simulation passes. The 
analysis was performed for the baseline Space 
Station Freedom Program, Option B, Option A-2 
and Option C. Option A-1 was not evaluated due 
to time constraints, but shohld be understood as 
falling within the Option A-2 and B range, with 
considerably less cost risk associated with the 
basic Bus- 1 spacecraft systems, and equivalent 
risk for the design modifications required to the 
Bus- 1. 

The results of the cost risk analyses show 
that the current (as of April 1993, not September 
1992) estimate for the Space Station Freedom 
Program has a 45 to 50 percent confident cost 
estimate without reserves. The addition of 
reserves improves the confidence of the estimates 
to 65 to  70 percent. For Option B, the confidence 
of the basic estimate without reserves is also 45 
to 50 percent. The addition of reserves brings the 
confidence of Option B up to 65 t o  70 percent and 
the use of the allowance for program adjustment 
for in-scope changes brings the overall confidence 
of the Option B cost up to 70 to 75 percent. 
Option A’s confidence level without reserves is 
somewhat lower at 40 to  45 percent; this reflects 
the somewhat wider cost ranges that were input 
to the analysis €or this option to account for the 
uncertainties associated with the system and 
management changes being implemented into 
the program. The addition of reserves increases 
the confidence of Option A to 65 to 70 percent 
and the addition of allowance for program adjust- 
ment brings the overall confidence up to 75 to  80 
percent. Finally, Option C has a 30 to  35 percent 
confidence attached to its cost estimate without 
reserves which reflects the relatively higher risks 
associated with the increased levels of new 
design and integration associated with this 
option. The addition of reserves improves Option 
C’s confidence to 65 to  70 percent and the addi- 
tion of allowance for program adjustment 
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Table 42 
Space Station Freedom September 1992 NASA estimates compared to Redesign Options 

Program Estimates 

Additions: 
Shuttle Integration 
Facilities 
Payload Development 
SoyuzlU.S. ACRV 
Research Operations Support/ 

SBlR Increase 

Starting Point 51719 Billion 

I Realism: 
NASA SSF Independent Cost 

Assessment 

Realistic Starting Point 

IFY 1994-1998 1 

12.4 + 2.0 =r---4 
0.4 
0.2 
1.4 

0.311.2 

0.2 

14.911 5.8 ---? 
1.8 

increases the overall confidence to about 75 to 80 
percent. 

These analyses do not consider the effects of 
funding constraints which-are currently being 
experienced by the Space Station Freedom pro- 
gram nor those which could be applied to the 
selected option. The risk analysis only provides 
an assurance that the base estimates and the 
level of contingencies included do not inherently 
understate the current program costs, if the eval- 
uators of the design, development and operations 
risk have accurately appraised the risk. Past 
experience with space systems developments 
indicate that this caveat should be appropriately 
highlighted. Nonetheless, the results of the risk 
analysis provide moderate assurance that the 
program is doable for the resources estimated. 

Observations and Conclusions 

The results of the Station Redesign Team’s work 
need to be understood in the context of the esti- 
mates for the Space Station Freedom as i t  was 

I 

Compares To: 

Option A-1 10.7 
Option A-2 10.2 
Option B 11.0 
Option C 9.4 

Compares To: 

Option A-1 
Option A-2 
Option B 
Option C 

configured last fall. The Space Station Freedom 
Independent Cost Analysis Team found that the 
estimates provided to the Ofice of Management 
and Budget by NASA in September 1992 signifi- 
cantly understated the program costs and sched- 
ule difficulties. A separate report has been pre- 
pared by that team. For comparative purposes, 
Table 42 illustrates the magnitude of the reduc- 
tionsin the program cost estimates achieved in 
the redesign process. 

of design, management, operation and payload 
options for consideration and evaluation by the 
Advisory Committee on the Redesign of the 
Space Station, the Administration and the 
Congress. Major reductions were achieved in the 
projected costs of operating the Space Station. 
These operations cost estimates appear reason- 
able, given the implementation of a very differ- 
ent approach to human space operations than 
has been used for the Space Shuttle. This follows 
the recognition by the Operations Phase 
Assessment Team that the time criticality 
responsiveness associated with short duration 
Space Shuttle missions is not required for the 

The Station Redesign Team has offered a set 
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Space Station. However,' there are always uncer- 
tainties in estimating logistics requirements 
until the hardware ground. test program has 
been completed, flight experience gained and the 
problems encountered fixed. The reserve level of 
25 percent appears appropriate in that regard. 

The recommendations for revising the man- 
agement and procurement approaches appear to 
offer the potential for significant cost savings, if 
implemented. There is political risk associated 
with radical change, and the potential for back- 
sliding and politically necessary accommodations 
of the existing contract and management struc- 
ture would undercut the estimates presented 
here. Timely implementation of the new manage- 
ment paradigm is assumed. 

There are a variety of uncertainties inherent 
in the redesign process which effect the reliabili- 
ty of cost estimates. Not only are there the poten- 

I tial pitfalls identified immediately above, but 

also there is the potential of some high funding 
constraints. The experience of the Space Station 
Freedom over the past six years from the point of 
its design and development phase initiation is 
sobering. The 1987 estimates corrected the clear 
understatement of program costs initially pre- 
sented to President Reagan and the American 
public in 1984, i.e., $8 billion for definition and 
development, expressed in 1984 economics. 
Those 1987 estimates projected a funding plan 
and a technical configuration that was never 
implemented. There is an underlying root cause 
of the almost annual budgetary reductions and 
the'many program restructuring and redesigns: 
affordability. To the extent that  the options pre- 
sented in our report and their associated cost 
estimates are out of keeping with what the 
Administration and Congress believe is afford- 
able in terms of annual budgets, the cost esti- 
mates will need to be appropriately revised. 
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Option Assessment and Evaluation 

OPTIONA 

Power Station 

Option Assessment and Evaluation 

OPTIONB OPTION C 

Power Station 

Assessment Process 

Human Tended 
Capability 

International Human 
Tended Capability 

The assessment process provides a comparative 
measure of capability of the redesign options. 
The sequenced build-up of Space Station sys- 
tems results in several “stopping points” for each 
option which are distinct potential Space Station 
configurations as shown in Table 43. The devel- 
opment phases are distinguished by the number 
of photovoltaic modules and the inclusion of 
pressurized laboratory volumes, habitation 

Human Tended 
Capability 

International Human 
Tended Capability 

volumes, assured crew return capability and 
International Partner modules, as shown in 
Table 44. A capability assessment was per- 
formed for each development phase of each 
option with the premise that it was the final con- 
figuration of the Space Station. For Option A, 
only the Bus-1 configuration, Option A-1, was 
assessed. Option A-2 was not significantly differ- 
ent from Option B. 

Each option is assessed against criteria 
derived from the Station Redesign Team require- 

Table 43 
Potential Space Station configurations 

I 

I t 
Permanent Human 

Capability 
Permanent Human 

Capability 

Permanent Human 
Presence Capability 

International 
Permanent Human 

Presence 

Permanent Human 
Capability 

Table 44 
Development phase characteristics 
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Table 45 
Research resource parameters 

TOTAL POVYER A V W  (m Am) I Kw 23.1 23.1 48.1( 5 7  23.5 23.5 68.31 68.3 57.6/34.2154.9/34.2162.9/48.5 

p o w w ( ~ A I I G )  j Kw 1 5  16.1 28.11 2 6  11.4 15  27 .7 '  2 8  11.7111.1122.7/22.1122.7/22.1 

L6w POlyER IOWAIIG) I Kw 30(1.2) 8.1 7 i 8 i  3 1  12.1 8.5 40.61 40.3 45.~/23.1132.2/1~.1140.~/~4.4 

P D A V U U  C01SMVOOS PCW3 1 Kw 18.5 18.5 391 45.8 19 1 9  591 5 9  53.4/29150.4123.3! 58.4131 

K W a 3 - m l  v*/-v 1234-3 123+/-3 123+/-3/ 123+/-3 1234.31 123+/-3 123+/-31 123+1-3 123+/-221 123+/-22( 123+/-22 
uu powwTosH(yE PA 0 wl i IW lZ(1.3) 4.5(SL) 7 121 1 2 4 . 5 ( S L ) /  8.5 121 1 2  12' 121 1 2  

t I I I I I I 1 I 2.20'1 2-20' ,  2-20' 2.2O'i 
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ments. In particular, the research capability cri- 
teria directly reflect the task requirements as 
they flow down from the mission statement, 
objectives and strategies. Options are directly 
compared using key parameters which character- 
ize the options. An assessment of capability is 
provided by a rated set of uniform evaluation cri- 
teria. Rating was performed by of the Station 
Redesign Team with support from the design 
centers. 

Parameter Comparison 

The following set of key parameters provides 
information for quick reference and comparison 
of options. 

Research Resources 

Table 45 provides the parameters related to 
research resources. 

Crew and Duration: The total crew available 
for research for the Power Station and Human 
Tended Capability phases is constrained to four. 
This is based on a Space Shuttle crew of seven 
where the commander, pilot and a mission spe- 
cialist are not available for Space Station tasks. 
In the Permanent Human Capability phase, the 
total number of crew is constrained to four on the 
basis of consumables and stowage limitations. 
All options provide more’than three dedicated 
payload crew members except for Option B at 
International Human Capability which provides 
two dedicated crew members. Mission durations 
for the Power Station and Human Tended 
Capability phases are constrained to 20 days on 
the basis of crew health and safety considera- 
tions. Potential extension of Space Shuttle mis- 
sions to 30 days is anticipated in the year 2000 
but is treated as margin and not factored into the 
calculations of crew hours. The Power Station 
phases use Spacelab for research accommoda- 
tions and are constrained to two missions per 
year due to the integration, test and verification 
schedule requirements of Spacelab. In the 
Human Tended Capability phases, laboratory 
volume is provided on the Space Station and the 
number of missions per year is increased to  four. 
For Option A and Option B, continuous habita- 

tion of the Space Station is provided in the 
Permanent Human Capability phase. Option C 
provides continuous habitation in all phases. 
Available crew hours reflect an eight hour work 
day with the remaining time devoted to sleeping, 
eating, exercising and planning. In the Power 
Station and Human Tended Capability phases, 
the crew is provided with two days off in a 20 day 
mission. A five day work week with two days 
nonscheduled activities (catch-up, rest, etc.) is 
provided in the Permanent Human Capability 
phases, which assumes crew rotation at 90-day 
intervals. 

Power: Power parameters are based on a “begin- 
ning-of-life” plus five years for the photovoltaic 
modules and batteries and include considerations 
of flight mode, articulation, architecture, orbital 
altitude, shadowing and battery depth-of-dis- 
charge. The 30-day maximum power parameter 
is provided to indicate the power available to 
support longer-duration research. The small gain 
in power for the addition of the third photovoltaic 
module for Option A, from Human Tended 
Capability to Permanent Human Capability, is 
an effect of array-to-array shadowing related to 
the articulation, configuration and flight mode. 

Microgravity Levels: In the Power Station 
phases, payload racks are provided by and locat- 
ed in the Spacelab. The microgravity map of the 
Space Station changes with the orbiter present. 
This alters the number of payload racks located 
in a low microgravity area during tended and 
untended periods. 

General: Figures 113, 114, and 115, illustrate 
the comparisons of each option as a function of 
available crew time, power, and volume over the 
ten year lifetime of the Space Station. Both 
Human Tended Capability options provide com- 
parable crew hours and power levels per year. 
The Human Tended Capability option has  deliv- 
ered only one fifth of the capability provided by 
the Permanent Human Presence options at the 
end of the ten year defined Space Station life, 
Table 43. More significantly, the time on orbit 
limitations of both Option A and Option B 
Human Tended Capability phase precluded 
much of the longer duration physical and life 
sciences research. 
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Figure 114 shows the power comparisons 
over the same ten year period. Both Option A 
and Option B provide minimum power levels 
similar to the Space Station Freedom baseline. 
The two plots for Option C illustrate the signifi- 
cant fluctuations of power between the solar 
inertial and local-vertical local-horizontal atti- 
tudes. 

over time. The Human Tended Capability 
options are similar, and the Permanent Human 
Presence in Option A and Option B are relatively 
similar. Option C has more volume. The addi- 
tional volume could reduce logistical flights to 
exchange facilities, provide more onboard stor- 
age, and provide for rapid commercial access. 

, 

Figure 115 illustrates the volume differences 

Safety 

Table 46 provides the parameters related to safe- 
ty. Option B is single fault tolerant in the Power 
Station and Human Tended Capability phases 
due to the alpha joint configuration. 

1 

use of the advanced solid rocket motor when it 
becomes available in December 2000. 

International Accommodation 

Tables 48 and 49 provide the parameters related 
to the International Partner accommodation. 
Data are provided by the International Partners. 

Option Assessment 

Major factors which provide discrimination of 
capability were weighted and scored. Scoring was 
performed on a yellow-green-blue scale - poor, 
nominal, good (one-two-three rating) with blue 
(three) as the best score. A red score (zero) indi- 
cates the complete absence of a capability. Over 
200 individual criteria were analyzed in evaluat- 
ing the options. Those scores that have a poor 
(yellow) rating are discussed. 

Assembly and Operations 

Table 47 provides the parameters related to 
assembly and operations. In all options, the num- 
ber of required logistics flights is reduced by the 

Research Capability 

Table 50 summarizes the research capability 
assessment. 

Option A: In the Power Station and Human 
Tended Capability phases, crew hours, payload 

Table 46 
Safety parameters 
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Table 47 
Assembly and operations parameters 

power and microgravity durations during tended 
periods do not meet the Science, Technology and 
Engineering Research Design Guidelines. The 
available payload power is limited in these phas- 
es during tended operations due to the parasitic 
power demands of the orbiter when it is docked. 
Power availability is increased 100 percent dur- 
ing untended operation. Option A does not pro- 
vide as much power as Option B due to differ- 
ences in the electrical power system configura- 
tion and is approximately I O  percent below the 
requirement at Permanent Human Capability. In 
the Power Station phase, payload volume is pro- 
vided by the Spacelab which is not expected to  be 
utilized for the Human Tended Capability phases 
due to the presence of a laboratory module. The 
payload volume of the laboratory module is limit- 
ed and less than the laboratory module in Option 
B. Payload volume becomes adequate in the 
International Human Tended phase and is 
increased in the Permanent Human Capability 
phase. During the Human Tended Capability 
phases the microgravity levels are met in 85 per- 
cent of the core module racks during untended 
operations, without the orbiter docked, but dur- 
ing tended operations no payload volumes are 
within the required microgravity levels. At the 
Permanent Human Capability phase, 10 percent 
of the racks in the core module, 45 percent of the 
racks in the Japanese Experiment Module, and 
no racks in the Columbus Attached Pressurized 
Module are within microgravity levels that  meet 

the requirements. The entire station rolls period- 
ically to achieve the best power generation. The 
time between station maneuvers varies between 
seven and 59 days. Experiments which are sensi- 
tive to both the magnitude and direction of accel- 
erations will require specific scheduling with con- 
sideration of flight orientation and manuevers. 
Vehicle manuevers may also adversely affect up 
to 65 percent of the expected exposed technology 
payloads mounted to external attach points and 
the Japanese Experiment Module Exposed 
Facility. No optical quality windows, equipment 
airlock, or video coverage of external attach 
points for support of engineering research are 
provided in the Power Station phase. The size of 
the optical window provided at the Human 
Tended Capability phase restricts its usefulness 
for sensor development. An automated equip- 
ment airlock is provided with the Japanese 
Experiment Module in the International Human 
Tended Capability phase. 

Option B: The restricted capability of the 
Power Station and Human Tended Capability 
phases is similar to Option A. Option B provides 
three photovoltaic modules at the International 
Human Tended Capability phase which results 
in more available payload power. The electrical 
power system configuration, with both alpha and 
beta gimbals, provides sufficient payload power 
at the Permanent Human Capability phase. 
These gimbals also eliminate any need for vehi- 
cle manuevers for increased power generation 
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Table 49 
Internationl Partners Mobile Servicing Structure parameters 

Table 50 
Research capability assessment summary 
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thereby maintaining relatively constant magni- 
tudes and directions of accelerations. External 
payloads are similarly benefitted by the lack of 
required vehicle manuevers. Unlike Option A, 
the laboratory microgravity levels are better dur- 
ing tended operation with the orbiter attached 
and become significantly worse in the untended 
configuration. The laboratory module provides 
sufficient volume for payloads beginning with the 
Human Tended Capability phase. At the 
Permanent Human Presence phase, the optical 
windows provided accommodate sensor develop- 
ment research. As i t  is in Option A, an automat- 
ed equipment airlock is provided with the 
Japanese Experiment Module in the 
International Human Tended Capability phase. 

Option C: This option provides permanent 
presence in all phases which results in adequate 
missions lengths, crew hours and durations of 
tended microgravity research. Option C provides 
two flight modes, solar-inertial and local-vertical 
local-horizontal. The solar-inertial flight mode 
provides maximum payload power. However, the 
solar inertial flight mode may induce undesirable 
accelerations for some research experiments and 
does not accommodate external attached pay- 
loads that require ram and wake measurements 
and constant pointing directions. However, a sys- 
tem consisting of low-thrust propulsion jets and a 
device for sensing acceleration was used in 1972 
to  counter drag on Stanford University’s drag 
Free satellite; a similar system is been consid- 
ered for Option C. This system could potentially 
improve the desired microgravity environment 
while in the solar inertia flight mode. The local- 
vertical local-horizontal flight mode, which is 
preferred for some high priority microgravity 
research, such as electronic and photonic crystal 
growth and fluid physics and combustion, does 
not provide as much power to the payloads. In 
the local-vertical local-horizontal flight mode, the 
station rotates to maintain power generation due 
to the absence of beta gimbals on the solar 
arrays. Time sharing methodologies for payloads 
may be employed to  accommodate different 
research disciplines that are better served by the 
different flight modes. Power regulation reduc- 
tion in station electrical power system requires 
conditioning equipment to be provided by the 
individual payloads, if required. Option C also 
provides substantial payload volume and racks 
with the capability of accommodating a large 
centrifuge. 

International Accommodation 

Table 51 provides a summary of the internation- 
al accommodation assessment. 

Option A The design maintains a high level 
of compliance with the Intergovernmental 
Agreement and the Memoranda of 
Understanding for the Japanese Experiment 
Module and the Attached Pressurized Module 
elements, in particular in the Permanent Human 
Capability phase. There are only changes in the 
data management system and communication 
and tracking systems interface to the Japanese 
Experiment Module and Attached Pressurized 
Module elements. The roles of the International 
Partners for the Japanese Experiment Module 
and Attached Pressurized Module elements as 
major contributors of payload accommodations 
for the international users are retained. Option A 
provides the earliest opportunities for Japanese 
Experiment Module and Attached Pressurized 
Module element launches. The power available to  
payloads is reduced for the Japanese Experiment 
Module and Attached Pressurized Module ele- 
ments. 

System elements in Option A is rated low overall. 
The lack of a Mobile Servicing System Mobile 
Transporter significantly degrades the Mobile 
Servicing System role and negatively impacts 
compliance to the Intergovernmental Agreement 
and the Memoranda of Understanding for the 
Mobile Servicing System element. Changes to 
the data management system interfaces and the 
deletion of robotics workstations with related 
video systems, impact the end-to-end command 
and control system architecture and consequent- 
ly the cost of the Mobile Servicing System ele- 
ment. The Mobile Servicing System element is 
launched later than agreed to. The payload 
resources for racks and power to the Canadian 
Space Agency are reduced. 

of compliance to the Intergovernmental 
Agreement and the Memoranda of 
Understanding for the Japanese Experiment 
Module, Attached Pressurized Module, and 
Mobile Servicing System elements in 
International Human Tended Capability phase 
and the Permanent Human Capability phase. 
There are only minor changes in the data man- 
agement system and communication and track- 
ing systems interface to the Japanese 

The accommodation of the Mobile Servicing 

Option B: This option maintains a high level 
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Table 51 
International accommodation assessment summary 
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Lclamcs 
TRAINING 

FACiUTlES 

LEoeD 

Experiment Module, Attached Pressurized 
Module, and Mobile Servicing System elements. 
The roles of the International Partners for the 
Japanese Experiment Module and Attached 
Pressurized Module elements as major contribu- 

tional users are retained. The role of the 
Canadian Space Agency in assembly and mainte- 
nance of the Space Station is retained. Option B 
maintains the level of payload resources avail- 
able to the International Partners. 

with the current Intergovernmental Agreement 
and Memoranda of Understanding with the 
International Partners. A red (zero) rating was 
assessed by NASDA for lack of compliance with 
the Intergovernmental Agreement and 
Memoranda of Understanding. Also, the 
International Partners assessed the continuity of 
their roles as absent in Option C and therefore 
rated this element as red (zero). This rating is 
inconsistent with the rating guidelines where red 
(zero) is intended to indicate items which are 
nonexistent. Participation of the International 
Partners in Option C is accommodated in the 
configuration and therefore this rating was 
changed to yellow (one). 

Changes to the core systems for power and 
data have impacts on the Japanese Experiment 
Module, Columbus Attached Pressurized Module, 
and Mobile Servicing System element interfaces. 
Payload power and availability of low micrograv- 
ity environments for the Japanese Experiment 
Module and Attached Pressurized Module ele- 
ments are reduced. The field of view for the 
Japanese Experiment Module Exposed Facility is 
limited in Option C. 

For all options, Russian participation is lim- 
ited to the provision of a Soyuz and Mir docking 

I 
~ 

tors of payload accommodations for the interna- 

Option C: The configuration is not consistent 

2 2 2 2 2 2 2 1  3 2 2  
3 2 2 1 3 2 2 1  3 2 2  
2 2 2 1 2 2 2 1  1 1 1 

1 - P o o r '  2- Nominal 3- Good 

system for assured crew return at the 28.8 
degree inclination. 

Operations 

Table 52 provides a summary of the operations 
assessment. 

Options A and B: Option A and Option B 
operations are rated nominal overall for all phas- 
es except Permanent Human Capability. On- 
orbit operations for the Option A Power Station 
are simplified by the existing Bus-1 control cen- 
ter support facilities. Ground operations for the 
Power Station phase of Option A and Option B 
are simplified due to the relatively small number 
of system elements requiring processing and test 
and verification. In the International Human 
Tended Capability and Permanent Human 
Capability phases, assembly extravehicular 
activity, ground system processing and verifica- 
tion, maintenance and training become more 
complicated consistent with the increased num- 
ber of launches. In Option A, maintenance 
extravehicular activity operations are impacted 
by the complexity of the mobility paths and 
reduction of translational aids and for field of 
view. Both Options A and B indicate that a large 
backlog of maintenance actions will accumulate 
prior to  Permanent Human Capability. This may 
be mitigated by taking advantage of additional 
EVA time inherent on the shuttle flights or by 
the scheduling of a maintenance flight for phases 
prior to permanent occupation.In both Option A 
and Option B, continuous occupation of the Space 
Station in the Permanent Human Capability 
phase eliminates the backlog and hence crew 
time for maintenance and operations is propor- 
tionally reduced. 
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Option C: Option C operations are rated high 
for the Permanent Human Capability phase and 
nominal for all other phases. The use of Space 
Shuttle subsystems provides advantages in 
spares commonality, logistics and training. The 
single launch core element simplifies assembly 
and ground operations in the Permanent Human 
Capability phase. The extravehicular activity 
requirements for maintenance are significantly 
reduced for all phases due to reduced external 
systems. Changes to the Vehicle Assembly 
Building and launch pad are required for the sin- 
gle launch vehicle in Option C. 

All options require new facilities for process- 
ing the Soyuz assured crew return vehicle. 

Engineering 

Table 53 provides a summary of the engineering 
assessment. 

crew systems during the Power Station and 
Human Tended Capability phases are provided 
by the orbiter. For the Permanent Human 
Capability phases, crew systems are improved 
with regard to stowage, crew quarters, and 
accommodations. In Option A, the Bus-1 propul- 
sion system provides a simple and efficient 
propulsion system desigk. The maintenance of 
the guidance, navigation and control system is 
difficult for the Bus-1 in Option A. Option B dif- 
fers from Option A in that-the photovoltaic mod- 
ules include both alpha and beta gimbals for 
maximum power performance. 

Options A and B: For Option A and Option B, 

Option C: In Option C, the electrical power 
system generates less power in the preferred 
microgravity flight mode. Reduced power regula- 
tion and isolation of loads is provided in the 
Permanent Human Presence Capability phase 
and the International Permanent Human 
Presence phase of Option C. The data manage- 
ment system is limited in flexibility with regard 
to command, display and interoperability perfor- 
mance. The body mounted radiators do not 
require articulation and are preintegrated on the 
ground. 

Development Risk 

Table 54 provides a summary of the development 
risk assessment. 

Options A and B: For Option A, the develop- 
ment risk in the propulsion and guidance, navi- 
gation, and control systems is reduced by utiliz- 
ing the flight proven Bus-1 system. For Option A 
and Option B, the crew systems development 
risk in the Power Station and Human Tended 
Capability phases is reduced due to the use of 
proven Space Shuttle systems. For the 
Permanent Human Capability phase, some new 
crew systems are provided or modified that have 
nct been flight proven. 

significantly reduced due to the larger assembly 
margins and verification efficiencies provided by 
integration on the ground rather than on-orbit. 
An exception to this is the electrical power sys- 

The integrated systems,risk in Option C is 

Table 53 
Engineering assessment summary 

I I 
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ASSESSMENT CRITERIA OPTION A 

21.1 DEGREE INCLINATION PS I HTC I H T ~  I pm: 

FAULTTOLERANCE 2 2 2 2 
SARN- 2 2 2 2 
RaJm4m 2 2 2 2 

1-Poor 2- Nomrul 

Table 54 
Development risk assessment summary 

OPnON B I OPTION C 

PS I mc I IHTC I PHC PHPC I IPHP i PHC 

1 ' 1 1 2 1 2  2 1 2 1 2  
2 2 1 2 3 2  2 ! 2 / 2  
2 2 1 2 1 2  2 1 2 1 2  

3- Good 

tem which, due to the absence of isolation 
devices, is not completely verifiable on the 
ground. The core module structural design is new 
for Option C, but is based on the flight proven 
design and manufacturing of the external tank. 
The crew systems risk is reduced through the use 
of mostly proven Space Shuttle systems. 

Safety and Reliability 

All three options have increased reliability over 
the baseline program by incorporating a SAFE 
MODE, which is executed in the avionics sys- 
tems, to automatically switch to redundant com- 
ponents or take the vehicle to a stabilized atti- 
tude to assure shuttle docking capability. 

Table 55 provides a summary of the safety 
and reliability assessment. 

The capability of the Bus-1 propulsion sys- 
tem provides Option A with substantial capabili- 

ty for a safe hold. By carrying electrical and ther- 
mal system services across the alpha joint, 
Option B is single fault tolerant in the Power 
Station and Human Tended phases and does not 
meet the requirement for two fault tolerance for 
station critical, station survival and crew sur- 
vival functions. 

across the options. Option B and to a lesser 
degree, Option A, are characterized by risk asso- 
ciated with a significant number of extravehicu- 
lar activities for repairing items on the truss. 
Option C requires very little extravehicular 
activities, as most of its components are within 
the core pressurized volume. On the other hand, 
due to its open design, Option C has little ability 
to  contain fire, smoke, fumes, spills or air leaks 
in the core station while Option B has reasonable 
containment and safe haven features. These pros 
and cons result in nominal overall rankings for 
all three designs. 

Safety and reliability exhibit similar trades 

Table 55 
Safety and reliublity assessment summary 
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Table 56 
Parameter comparison for inclinations 28.8 and 51.6 degrees 

o m n  o m c  O P l "  A1 

RI: mc mc 
28.8 ' 51.6  20.0 1 51.6 28.6 51.6 
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Comparison of Options at 28.8 
and 51.6 Degree Inclinations 

The options were compared at two inclinations, 
28.8 degrees and 51.6 degrees. Table 56 provides 
a summary comparison of key discriminating 
parameters for the two inclinations. The alu- 
minum lithium external tank and advanced solid 
rocket motor are required for the 51.6 degrees 
inclination to provide adequate lift capacity for 
assembly and logistics. The power system perfor- 
mance is improved at 51.6 degree. The Option B 
photovoltaic modules, with both alpha and beta 
joints, are optimized for collection independent of 
inclination and therefore provide essentially the 
same performance in either inclination. At the 
28.8 degree inclination, human access to the 
Space Station can only be provided by the Space 
Shuttle. At the 51.6 degree inclination, human 
access can also be provided by the Soyuz launch 
vehicle. Delivery of the Scyuz spacecraft to the 
Space Station is by Space Shuttle for the 28.8 
degree inclination and by Soyuz launch vehicle 

for the 51.6 degree inclination. Russian access to 
the Space Station is limited to the 51.6 degree 
inclination configurations. However, Space 
Shuttle launch windows are significantly reduced 
for the 51.6 degree inclination. The micromete- 
orite and orbital debris level is more severe at 
the 51.6 degree inclination. Earth coverage for 
Earth viewing payloads is improved at the 51.6 
degree inclination. 

Comparison of Options to 
Space Station Freedom 

Table 57 provides a summary comparison of key 
parameters of the options to  Space Station 
Freedom. 

While the total number of crew is identical 
between the options and Space Station Freedom, 
the requirements for maximum work hours per 
day and the numbers of days off are different. 
Space Station Freedom allows a 9.5 hour work 
day for a crew member with six days on and one 
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Table 57 
Option parameter comparison with Space Station Freedom 
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day offfor a 90 day stay. The redesign require- 
ments limit the crew to an eight hour work day 
with five days on and two days off for a 90 day 
stay. These requirements account for the differ- 
ences in the total productive crew hours. The 
reductions in required system crew hours are 
indicative of system simplifications incorporated 
in the options. 

Option A: This option provides a shortened 
core module instead of the United States 
Laboratory and therefore reduces the available 
volume. The number of payload racks within a 
low microgravity envelope is reduced from Space 
Station Freedom. The power capability is less 
than Space Station Freedom due to the deletion 
of the alpha joints which reduces array articula- 
tion capability. Assembly and maintenance 
extravehicular activity hours are less than Space 
Station Freedom due to the use of Bus-1 and sim- 

plified module and truss configurations. 
However, the deletion of the mobile base and the 
mobile transporter make the assembly task more 
complicated. The data management system has 
been simplified by deletion of the system data 
processors and use of a multiplex and demulti- 
plex based system, significantly reducing the 
total source lines of code. 

Option B: This option is similar to Space 
Station Freedom. A decrease in the data manage- 
ment system total lines of code is realized by 
Option B from the system modifications includ- 
ing deletion of a fiber distributed data interface. 

Option C: This option has considerably more 
volume than Space Station Freedom. Power reg- 
ulation is reduced. A low microgravity level is 
present a t  more payload racks than in Space 
Station Freedom. The single launch core design 
significantly reduces the number of assembly 
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flights and the required assembly extravehicular 
activity. Maintenance extravehicular activity has  
been reduced by accommodating more subsys- 
tems within the pressurized volume. The use of 
the Space Shuttle type data management system 
has reduced the total source lines of code and 
additionally, significantly reduced the total num- 
ber of new lines of code requiring development. 

Assessment Conclusions 

I t  is apparent from the assessment data that the 
Power Station and Human Tended Capability 
configurations do not provide adequate capability 
to be considered as final station configurations. 
In particular, these configurations preclude criti- 
cal biological research which contribute to the 
extended human presence in space and impor- 
tant and evolving biotechnology research. These 
phases should continue to be viewed as the "step- 
ping stones" to the final configuration. The 
analysis of overall capabilities should therefore 
be based on the Permanent Human Capability 
configuration for each option. 

assessment, there is a subset of factors which 
provide a determinative summary of option 
attributes. 

1998, costs to Permanent Human Capability and 
total lifecycle costs through 2010. Schedule met- 
rics are the first element launch, initial research 
capability, and attainment of Permanent Human 
Capability. 

The key metrics in enabling high priority 
material and life science research are mission 
duration as i t  affects available payload crew 
hours, payload power, payload volume and micro- 
gravity levels and durations in preferred flight 
modes. There is only a two percent variation in 
available payload crew hours between the 
options a t  Permanent Human Capability. Option 
A and Option C provide 10 percent less payload 
power than the requirement. Option C provides 
approximately 60 percent more volume than 
Option A and Option B. Microgravity levels 

Of the hundreds of criteria considered in the 

The primary cost metrics are costs through 

which meet the requirements are provided at 
eight payload racks in Option A, 29 payload 
racks in Option B and 40 payload racks in 
Option C. 

The overall accommodation of the 
International Partners should be viewed at a 
summary level as the composite of the accommo- 
dation of each individual partner. The Japanese 
Experiment Module, Columbus Attached 
Pressurized Module, and mini-payload logistics 
module are adequately accommodated by 
Options A and Option B. The Japanese 
Experiment Module and Attached Pressurized 
Module are least accommodated by Option C. 
The mobile servicing system is better acc 
mmodated by Option B than by Options A and 
Option C. 

The major discriminating factcrs in assess- 
ing the operations characteristics of the options 
are assembly, ground operations and mainte- 
nance efficiencies. Option C requires approxi- 
mately 50 percent fewer assembly and outfitting 
flights and 93 percent less assembly extravehicu- 
lar activity than Option B. Option A requires 
approximately 10 percent fewer flights and 25 
percent less assembly extravehicular activity 
than Option B. Ground system processing, test 
and verification are complicated by the number 
of mission build elements in Options A and 
Option B. The largest discriminator in mainte- 
nance is the amount of extravehicular activity 
required. Option C requires 70 percent less 
maintenance extravehicular activity than Option 
B. Option A requires approximately 25 percent 
less maintenance extravehicular activity than 
Option B. 

The engineering characteristics of the 
options are not considered an overall discrimi- 
nating factor. There are variations in the data 
management systems and electrical power sys- 
tems but these are more appropriately reflected 
in an overall assessment as major factors that  
affect research resources. 

Cost and schedule risk are mediated to a 
level basis for all options by analysis and the 
application of corresponding reserves. Therefore 
they are not overall discriminators other than 
how the total costs compare. 
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Development risk is best discrimated by the proven. These counter effects result in insignifi- 
cant discrimination of development risk between 
options. 

At the Permanent Human Capability phase, 
there are no discriminators in safety and 
reliability. 

level of design maturity and degree to  which 
proven, existing equipment is utilized. In 
Options A and B, design maturity is significant 
but the system utilized is primarily developmen- 
tal. In Option C, the integrated design maturity 
is low but the system utilized is primarily flight 

, 
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Issues 

Issues 

A number of issues remain to  be resolved. This 
results from the compressed schedule to  produce 
this report. The resolution of issues is within the 
current capability of the NASA and contractor 
team. 

General Issues - All Options 

1. Both the Japanese Experiment Module and 
the Columbus Attached Pressurized Module 
are heavier than the current Space Shuttle 
lift capability, even after removing payload 
and system racks from the module. 
Resolution is possible through upgrades to 
Space Shuttle lift capability, launch on 
Russian or Ariane launch vehicles, a combi- 
nation of altitude and launch weight reserve 
reduction or redesign of international mod- 
ules and systems. Negotiations will be 
required to settle this issue. 

2. Orbit inclination choice is an issue. The 
team looked at both 28.8 degrees and 51.6 
degrees orbit inclination. The higher inclina- 
tion offers dual human access (Space Shuttle 
and Soyuz), but requires extra up-front 
funding for Space Shuttle performance 
upgrade (aluminum lithium tank). Even 
then, the International, laboratories are too 
heavy without the advanced solid rocket 
motor for the Space Shuttle. The advanced 
solid rocket motor has been delayed until 
December 2000, which is a significant sched- 
ule impact for the International Partners, 
and there are significant technical and polit- 
ical problems with Proton delivery of the 
modules. A possible solution would be a com- 
promise orbit inclination of approximately 
39 degrees achievable with the aluminum 
lithium tank. This allows the International 
modules to be launched in the Space 
Shuttle; and it paves the way for Proton 
delivery of Soyuz assured crew return vehi- 

3. 

, 
I 

cle, and for future delivery of Progress logis- 
tics modules. I t  also allows greater Earth 
coverage (including all the southwest United 
States) for assured crew return vehicle emer- 
gency landings. Dual human access would 
necessarily wait until approximately 2001 
when AI.'ane and Soyuz or  Ariane and 
European Space Agency assured crew return 
vehicle can be human rated. This intermedi- 
ate inclination should be further analyzed 
before a decision on inclination is made. 

The Space Station Freedom module design 
does not meet the program micrometeoroid 
and orbital debris requirement because the 
environment has changed since the design 
was frozen. The debris environment is pre- 
dicted to be about 15 percent worse at an 
inclination of 51.6 degrees. The risk is in 
additional launch weight and cost. The 
Option C design incorporates the mass and 
cost for the upgrade contemplated in the 
Space Station Freedom Program. Ongoing 
analysis within the Space Station Freedom 
Program is aimed at resolving the level of 
protection that is required. This has not been 
completed and therefore the results are not 
available. Extra micrometeoroid shielding 
may have to be added to the modules in 
order to  accommodate the latest debris 
model. Further analysis is required, but indi- 
cations are that as much as 2600 pounds per 
module may be required for Options A and B. 

4. Schedule and cost risk associated with rene- 
gotiating International Partner Memoranda 
of Understanding for changes in interfaces is 
a potential issue. The interface changes stud- 
ied in the design options have, as yet, not 
been accepted by the International Partners. 

Option A and Option C have assumed that 
the Canadian Space Agency would provide 
the complete command and control system 
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5. 

6. 

7. 

8. 

9. 

for the robotics, which is a change to current 
resp0,nsibilities. Implementation of this 
approach will require follow-on negotiations. 

Reliance on the Russian space industry for 
Soyuz, and other Russian hardware is a risk. 
There are promising possibilities for cost sav- 
ings with the use of Russian hardware, but 
there are risks associated with the stability 
of the Russian aerospace industry. There are 
also cost uncertainties associated with inte- 
gration of the United States and Russian pro- 
grams and hardware. 

Both Option A and Option C, eliminate the 
onboard robotics maintenance depot. This 
will require a variation in accommodations 
for maintenance of the Space Station Remote 
Manipulator System. The flight support 
equipment that is necessary to launch the 
Canadian Special Purpose Dexterous 
Manipulator and Space Station Remote 
Manipulator System is not completely 
defined and analyzed in these two options. 
These issues are covered by allowable pro- 
gram adjustment funding. 

Each option has addressed issues associated 
with Space Station Freedom’s data manage- 
ment system hardware and soRware develop- 
ment and verification. The implications of 
the changes in the data management system 
are not completely understood, although all 
are thought to have workable solutions. 

The Space Shuttle Program is studying the 
possibility of carrying two Soyuz vehicles in a 
single Space Shuttle flight. The issue is 
whether adequate clearances can be main- 
tained between the payload elements and the 
orbiter, and if the overall center of gravity is 
within limits. The alternative is to fly two 
shuttle flights. 

In Option A and Option C, the mobile trans- 
porter was deleted, and the Space Station 
Remote Manipulator System must move from 
place to place in the “inch worm” mode. The 
ability to assemble and maintain the station 
in this mode appears to be feasible, but will 
require further analysis. 

10. The common berthing mechanism, which is 
used to connect nodes and modules, may 

have a structural problem associated with 
docking loads. Recent completion of analysis 
indicates that the docking loads cannot be 
reduced below 1200 pounds for the Russian 
docking system. The common berthing mech- 
anism was designed for a 400 pound docking 
load. A common berthing mechanism modifi- 
cation may be required for Options A and B. 
This is an allowable program adjustment 
issue. 

Option A 

The following technical issues require further 
analysis. 

1. Space Shuttle Remote Manipulator System 
control capability is uncertain with truss 
indexing operations on some flights, due to 
mass and center of gravity offset conditions 
and the mobile transporter. Preliminary 
analysis indicates the operations are feasible. 

2. Single failure of a control moment gyro may 
cause the need for switch out of Bus-1. Bus-1 
control moment gyros are two fault tolerant 
a t  the Permanent Human Capability configu- 
ration. However, more detailed analysis 
remains to be performed to fully determine 
that adequate attitude control margin is 
available at the second failure of a control 
moment gyro. The reliability of the control 
moment gyros is very high, but this will be 
an operational issue. 

3. The trusses are packed more tightly with 
equipment than in the Space Station 
Freedom design. Initial analysis indicates 
the layout to  be acceptable from an extrave- 
hicular activity maintenance standpoint, but 
may be constrained for robotics. 

4. Independent analysis of maintenance and 
reliability indicates the number of critical 
orbital replacement units on the truss is still 
an issue for Option A-2. Extra maintenance 
flights may be required in order to av,oid loss 
of a critical function during station assembly. 
Design iteration may also be required. 
Further work is required to create a higher 
fidelity model for this analysis for confidence 
in these results. 



Option B 

The follo&ng issues for Option B need further 
analysis. 

1. The assembly and associated extravehicular 
activity hours for Option B are a significant 
concern. This issue is on the same order as 
for Space Station Freedom. 

2. There was a recent independent analysis of 
Space Station Freedom maintenance and 
reliability that indicates a potential problem 
during assembly. Although systems have 
been simplified somewhat over Space Station 
Freedom, the number of orbital replacement 
units on the truss is not significantly less for 
Option B. Extra maintenance flights may be 
required in order to avoid loss of a critical 
function. Design iteration may also be 
required. Further work is required to create 
a higher fidelity model for this analysis for 
confidence in these results. 

Option C 

Option C has a number of issues which require 
further analysis. 

1. The International Partners are concerned 
that their modules only marginally enhance 
the overall core station capability due to the 
power to  volume ratio in local-vertical, local- 
horizontal flight mode. 

International Partners' interfaces change in 
the data management, power, communica- 
tions and thermal control systems. 
International Partners roles and responsibili- 
ties must be negotiated. 

2. Users are concerned about rotating accelera- 
tion vector when flying in the solar inertial 
mode. This issue may be mitigated through 
nulling the drag vector at  the experiment 
location. This is accomplished with a sensor 
at the experiment location and a small 
thruster system. It  is not yet known how 
large the acceptable region is, or how many 
experiments can be accommodated at  one 
time. If the answer is favorable the third set 
of solar arrays for Option C may not be 
required, thus saving significant cost. 

3. The developmental flight instrumentation 
currently installed on orbiter vehicle 102 
(Columbia) is required for initial flights with 
the advanced solid rocket motor. Orbiter 
vehicle 102 is dismantled to build Option C. 
Instrumentation of another orbiter vehicle 
will be required if orbiter vehicle 102 is not 
rebuilt. 

In addition, the flight rate for Space Station 
logistics and other Space Shuttle missions 
will be reduced if orbiter vehicle 102 is taken 
out of service. The maximum flight rate will 
be six flights per year. Rebuild of orbiter 
vehicle 102 is accounted for in the costing. 

4. The implications for local power regulation 
are not completely understood. The 120 volt 
bus varies from 101 to 145 volts within the 
core module. Optimization of regulation for 
equipment will be required. The number of 
separate power feeds in the design and oper- 
ational constraints may reduce effective 
power to the payloads. 

5. Viewing for external payloads is more difli- 
cult to accommodate because the look angle 
varies for celestial and Earth viewing once 
per orbit. Gimbals would be required for 
these payloads. 

Further Analysis 

The following items have been studied during the 
station redesign activity. There are no known 
issues according to preliminary analyses. 
However, further definition of the capabilities 
and operational concepts are required. 

1. There is some concern for rendezvous and 
docking clearances with shortened trusses is 
an issue on Option A-1. If follow-up analysis 
deems it necessary, the module layout may 
have to  be changed to that of Option A-2. 

2. A safety analysis of returning a partially 
fueled Bus-1 to Earth in the Space Shuttle 
payload bay must be performed. Preliminary 
analysis indicates that, if necessary, a minor 
modification to the Bus-1 propellant lines 
will be required. 
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3. Fuel is transferred from the orbital maneu- 
vering system through the Russian docking 
system to the Space Station propulsion sys- 
tem. The connections are made automatically 
through the docking mechanism. This system 
has been regularly used on the Russian Mir 
station, but as i t  is new to NASA, it will 
require thorough analysis. 

4. The single central laboratory for Option C 
does not allow for crew isolation from haz- 
ardous conditions other than in assured crew 
return vehicles. Operational procedures will 
need to be developed. For significant prob- 
lems the alternative is to evacuate the Space 
Station. Option C provides longer time for 
escape due to the large air volume. This is 
not considered to be a crew safety issue, but 
puts the Space Station at higher risk of aban- 
donment in the event of a failure. 

International Partners Summary 

International Partners comments are summa- 
rized in the grading of the options as previously 
described. The United States assessment of how 
well the options accommodate the International 
Partners will be described here. 

activity, the International Partners were not 
required to negotiate possible solutions that 
would result in changes to their designs and 
therefore changes in the Space Station Freedom 
requirements and Memoranda of Understanding, 
although results of studies were provided on' 
design changes by the European Space Agency, 
the Italian Space Agency and the Canadian 
Space Agency. Generally, the comments and 
grading reflect negatively on deviations from the 

During the course of the Station Redesign 

Space Station Freedom design. However, if costs 
are to be reduced in the Space Station Program, 
then designs must be simplified and the Space 
Station features and interfaces will necessarily 
be different. 

I t  is understandable that the International 
Partners would be reluctant to change designs, 
their program content, or interfaces when such 
change could result in additional cost. However, 
in some cases the simplifications proposed could 
result in reductions in cost and complexity for 
the International Partners. 

As the United States chooses a course of 
action, work will be required on the part of the 
International Partners to contribute t o  the sta- 
tion simplification through reductions in mass 
and housekeeping power, and to find ways to 
improve interfaces. 

ber of areas were discussed where the 
International Partners could play augmented 
roles and could contribute significantly to the 
capabilities of the Space Station. Any of these 
ideas would require more time for technical eval- 
uation. Examples include: 

During the Station Redesign activity, a num- 

Using the Space Station Remote 
Manipulator System as a nonprecision 
pointer for some experiments. 
Increasing reliance on a longer Italian 
mini-pressurized payload module was 
proposed in all options. 
Using international launch systems for 
Space Station support including launch- 
ing modules, logistics or crew return 
vehicles. 

Other areas of increased participation and 
utilization of international assets should be 
explored by all participants. 
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Summary 

In early 1993, an Administration assessment 
determined that the Space Station Freedom 
budget ramp up in the outyears would not fit 
within the expected NASA budget envelope, 
because the new Administration wanted to 
increase its emphasis on other NASA programs, 
such as aeronautics and science. Rather than 
cancel the program, President Clinton directed 
NASA to redesign the Space Station and pro- 
duce a configuration that would reduce costs, 
still provide meaningful international participa- 
tion and provide the essential resources to 
advance the Nation’s scientific and technology 
development capabilities in space. 

The NASA Administrator assembled a 
Space Station Redesign Team in response to the 
President’s direction. The team was to develop 
Space Station options that would significantly 
reduce development costs, while still achieving 
the goals for long-duration scientific research. 
The station Redesign Team also was charged to 
recommend new streamlined management 
structures and acquisition strategies and devel- 
op operations concepts that would cut operations 
costs in half. The NASA Administrator provided 
goals to the station Redesign Team for a revised 
Space Station program, as well as specific objec- 
tives and constraints in his implementation let- 
ter of March 9, 1993. The team commenced its 
activities on March 10, 1993. 

This report describes the results of that 
effort. The station Redesign Team developed 
three design options along with a new opera- 
tions concept and recommended management 
structures. While each option has its particular 
advantages and drawbacks, each option stands 
on its own as a technically viable Space Station 
that preserves international cooperation, estab- 
lishes a capable space research center in orbit 
that will enable high priority science, technology 
and engineering research, and in every case do 
it for significantly less money than the current 
Space Station Freedom baseline. The options 
are: Option A - Modular Approach; Option B - 

Freedom Derived, and; Option C - Single Launch 
Core station. 

These options: 
make varying use of Space Station 
Freedom systems and components, which 
have completed a critical design review, 
thus benefiting from the Nation’s invest- 
ment to date in the Space Station 
Freedom program; 
incorporate changes that would reduce 
complexity and increase the probability 
for meeting cost, schedule and mission 
success; 
achieve substantial savings through a 
streamlined management structure that 
provides clear lines of authority, reduces 
overlap and gives accountability and 
authority to  the lowest level to get the 
job done, and; 
benefit from a new operations approach 
that would significantly reduce opera- 
tions costs by consolidating similar func- 
tions at a single NASA Center, by revis- 
ing the logistics approach and by accept- 
ing some risk in on-orbit efficiency. 

One of the station Redesign Team’s objec- 
tives was to satisfy the science and research 
objectives for the Space Station, and a concerted 
effort was made to gather requirements directly 
from the user communities. Materials, life sci- 
ences and engineering research were given par- 
ticular attention in the design considerations as 
those disciplines stand to gain the most by access 
to a multi-purpose space laboratory. Each 
research requirement was reevaluated for validi- 
ty to the redesign process. The critical research 
requirements remained the same as those 
defined for Space Station Freedom. Others were 
reduced in an effort to contain costs, but with the 
potential for future growth. Some requirements 
that had been identified previously by the 
research community, but not yet implemented in 
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I the Space Station Freedom program, were rein- 
troduced for consideration. 

Another objective for the station Redesign 
Team was to develop options that accommodated 
the International Partners to the maximum 
extent possible. The design teams recognized 
that design changes in interfaces can represent 
costs to the International Partners and made 
every effort to minimize the resulting disruptions 
to them. As design concepts were developed, cer- 
tain requirements were relaxed to obtain effi- 
ciencies and this inevitably changed interfaces 
and functionality between the United States and 
International Partner hardware elements. 

Russian hardware alternatives, where they 
could benefit the redesigned Space Station pro- 
gram, were also investigated. In all three 
options, the Russian docking mechanism was 
used in the design and the Soyuz spacecraft was 
baselined as the assured crew return vehicle. 
Launch capability and other systems developed 
and in operation in the Russian space program 
are described in the report and could be consid- 
ered for use in the redesigned Space Station or in 

The station Redesign Team developed an 
operations concept that reduces the operating 
costs by a factor of two from the current Space 
Station Freedom Program estimates. This was 
done while still maintaining the safety and 
health of the crew and the integrity of the Space 
Station. It has also ensured that the user com- 
munity and the International Partners are pro- 
vided with a capable orbiting research laboratory 
while balancing cost, user support capability and 
schedule within the constraints established. 
Operations cost reductions were achieved by 
elimination of the duplication of functions, more 
efficient repair and maintenance processes and 
risk-managed spare reductions. Significant 
development cost reductions were achieved by 
consolidation of the payload and mission opera- 
tions training facilities and by a similar consoli- 
dation of control center facilities. Additionally, 
sustaining engineering costs will be reduced by 
employing a small cadre of NASA and specialized 
contractor personnel rather than carrying over a 
large staff of development contractors. 

Based on the identified problems of the 
Space Station Freedom Program and the estab- 
lished selection criteria, the station Redesign 
Team proposes a new management organization, 
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I future improvements. 

I which includes the following attributes: 

one NASA team combining project and 
program levels; 
a highly effective team of demonstrated 
performers; 
consolidate budget authority with the 
Program Manager; 
consolidate and negotiate to a single 
prime contractor; 
utilize Integrated Product Teams, follow- 
ing concurrent engineering practices; 
limit the center institutional support 
(matrix support) to  in-line tasks or  facili- 
ties; 
locate the core management team in one 
place; 
place a skilled cadre of NASA specialists 
in contractor plants, and; 
combine the Space Shuttle and Space 
Station under a single Associate 
Administrator. 

Depending on the configuration selected, a 
core ofice of about 250 to 300 is augmented with 
another 600 to 800 institutional support person- 
nel for in-line tasks and facilities. In all cases, it  
is recommended that a sizable percentage of the 
core ofice, 20 to 30 percent, spend significant 
amounts of time in the field at the prime contrac- 
tor and their subcontractors. The new program 
office could be located at one of a number of sites. 

A dedicated transition team will be estab- 
lished to plan for the implementation of the 
redesigned Space station in terms of the rede- 
fined NASA management structure, the acquisi- 
tion strategy, and the associated contract termi- 
nation or descopings required by the selected 
redesign option. 

NASA will use a hybrid fee approach combining 
the features of a cost-plus-award fee contract 
with fee for performance incentive milestones. 
This fee approach provides NASA with maximum 
flexibility to  evaluate contractor performance lev- 
els, to  adjust the evaluation quickly to reflect 
changes in NASA management emphasis, and to 
focus fee on readily identifiable and measurable 
specific events. This will place increased empha- 
sis on schedule, cost control and successful tech- 
nical performance of the redesigned Space 
Station after delivery. The acquisition strategy 
developed for the redesigned Space Station will 
strengthen the integration process by removing 
NASA from the integrator role and selecting a 

Regardless of the redesign option selected, 
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single prime contractor from among the existing 
Space Station Freedom development contractors. 
This will significantly reduce the number of 
interfaces, complement a streamlined manage- 
ment structure, and make a single prime con- 
tractor accountable to NASA for the entire pro- 
gram. 

Whichever option is chosen, the selection of 
the single prime should be done on a noncompeti- 
tive basis since full-and-open competition would 
be costly and time consuming. The prime con- 
tractor for the Space Station hardware develop- 
ment would be responsible for all Space Station 
mission and payload operations, including a sus- 
taining engineering capability and spares for the 
Space Station program through completion of the 
development contract. Within two years prior to 
contract completion, a single operations contrac- 
tor could be acquired on a competitive basis. 

Significant streamlining in operations and 
management has been planned, and will be 
required to enable any of these options to  succeed 
programmatically. Without the full and enthusi- 
astic support of NASA Senior Management, it  
will be very difficult t o  effect the magnitude of 
change the Redesign Team is recommending. As 
a functioning Senior Management Team, the 
Center Directors and the Associate 
Administrators have among them the power to 
rationalize the roles and missions of the Centers, 
and to distribute the work in a way that maxi- 
mizes program performance, while still satisfying 
geopolitical realities and constraints. This 
requires an atmosphere of cooperation and trust, 
and willingness to  sacrifice for the larger good of 
the Agency. Care will be required to successfully 
make the transition from the Space Station 
Freedom Program to the new Space Station 
Program or further technical and/or funding 
problems will hamper its progress. 

by budget, it  is important to  note that while none 
of the three options in its final configuration 
meets the maximum target provided by the 
Administration (total of $9 billion from Fiscal 
Years 1994 through 1998) the three options do 
represent the most cost effective approaches that 
could be determined. Each provides at least sat- 
isfactory performance, with varying degrees of 
risk, schedule, and each incorporates design and 
operations innovations, simplification of systems, 
use of existing systems, and management and 
acquisition streamlining. 

As this redesign effort was driven primarily 

Option A and Option B would provide a lim- 
ited on-orbit research capability in their early 
configurations within the $9 billion level, but nei- 
ther option would accommodate the Japanese, 
European or Italian partners for that level of 
funding. 

Shuttle Spacelab flights, up to 20 days in dura- 
tion. Assuming eventual stays of 30 to 45 days 
could be achieved, some improvement in existing 
material science capability could be possible, 
although limited power to the user (7 to 8.5 kW) 
would determine the size of furnaces that could 
be accommodated and the number of experi- 
ments that could be run simultaneously. This 
capability represents little improvement over 
current and planned Space Shuttle and Spacelab 
capabilities. It represents only a small return on 
the investment required to get to that phase, 
especially considering the funds already invested 
in Space Station Freedom to date (over $8 bil- 
lion). 

With additional funds, both Option A and 
Option B could be optimized at the human tend- 
ed phase. Each option would provide a modern 
laboratory module and some untended research 
capability year round. However, at the human 
tended phase, Options A and B are limited by: 

The Power station would allow longer Space 

a changing microgravity environment, 
which varies with the presence or 
absence of the orbiter; 
dependence on Space Shuttle stay time 
for experiments, which require extensive 
crew interaction; 
limited power, particularly when the 
orbiter is attached for long stays because 
the orbiter must draw power from the 
Space Station to operate its systems, and; 
an inability to  achieve long-duration 
research goals. 

As previously stated, the objective of the 
redesign team was to  develop options for a 
redesigned Space Station. The team was not 
asked to recommend one option over the others, 
but rather to characterize each design’s 
strengths and weaknesses in an unbiased man- 
ner. Each option is capable of accomplishing the 
mission of the Space Station. All of the options 
offer significant scientific and engineering 
research capabilities, especially in their perma- 
nently human presence stages. 
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NASA and its contractors can build a Space 
Station that fully meets the objectives of the 
United States and the International Partners, a 
Space Station that permits people to live and 

work safely and productively in low Earth orbit, 
and a Space Station that will build a bridge to 
tomorrow. 
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National Aeronautics and 
Space Administration 
Office ofthe Administrator 
Washington, DC 20546-OOOl 

TO: Officials-in-Charge of Headquarters Offices 
Directors, NASA Fidd Installations 
Director, Jet Propulsion Laboratory 

FROM: NAdministrator 

SUBJECT: Redesign Process 

The President has stated his support for a strong and productive space program 
which includes the development of a Space Station. He wants the current Space 
Station redesigned as part of a program that is more efficient and effective and 
capable of producing greater returns on our investment. The revised station 
program should strive to significantly reduce development, operations, and 
utilization costs while achieving many of the current goals for long duration 
scientific research. The Redesigned program must: 

1. Provide a cost effective solution to basic and applied research 
challenges whose merit is clearly indicated by scientific peer review, 
significant industrial cost sharing, or other widely accepted method; 

2. Provide the capability for significant long-duration space 
research in materials and life sciences during this decade; 

3. Bring both near-term and long-term annual funding 
requirements within the constraints of the budget; 

4. Continue to accommodate and encourage international 
participation; and 

5. Reduce technical and programmatic risks to acceptable levels. 

C o n s t r u  

The Redesign Team will also be responsible for considering all phases of the 
program-design, assembly, operations, utilization, and management. The design 
of the new program will attempt to, the maximum extent feasible, use the effort 
expended thus far on Space Station Freedom. The design of the new program,, 
however, shall: 

1. Satisfy high priority research goals in materials and life 
sciences; 



2. Support long-duration research (but not necessarily 

3. Achieve initial on-orbit research capability by 1997; 

permanently manned); 

4. Complete development within the 5-year budget plan, 

5. Retain opportunities for international partners participation. 
New opportunities for Russian participation should be 
considered; 

6. Be configured for significantly lower cost operations 
(in the order of a factor of two); 

7. Greatly reduce on-orbit assembly and checkout; 

8. Implement a simplified and effective program management structure; 

9. Provide adequate budget reserves; and 

10. Plan for a shorter on-orbit lifetime (e.g., 10 years extendible 
to 15 years). 

The redesign effort will cover not only the Space Station, but will also address 
options for achieving earlier research results prior to Space Station availability. 
In particular, consideration will be given to greater use of shuttle and spacelab 
capabilities (which may be modified to allow longer stays in orbit) and the 
Russian Mir Space Station. I t  is important however, that we recognize our 
commitment to our international partners as we undertake the redesign. We 
must continue to accommodate and encourage international participation. Our 
partners will be working with us on the Redesign Team. 

m c t i v e s  

The redesigned configuration will be consistent with the following objectives: 

Greatly reduce the number of shuttle launches required for 
deployment. 

Greatly reduce the EVA requirements during deployment. 

Greatly reduce the required number of ground operations 
personnel. 

Meet the minimum life science and microgravity objectives 
with growth potential in the out years at marginal cost. 

Advance the permanently manned capability date. 
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3 
Address technical and management issues. In particular, 
establish clean functional and organization interfaces to enable 
effective, timely decision making. 

Stimulate technology fallout. 

Reestablish national leadership in space. 

The President has directed NASA to create an independent senior-level Panel to 
assess the goals and redesign options developed by the Redesign Team. Details 
on the Panel will be available in the near future. The Panel will be required to 
submit its findings to NASA and report, through NASA, to the Vice-President, 
National Economic Council, the Office of Science and Technology Policy, and the 
Office of Management and Budget. An interim report will be provided by 
May 15,1993, and a final report by June 1,1993. 

To assist the Panel, NASA will establish the Redesign Team. The Redesign Team 
will be directed by the Assistant Deputy Administrator of NASA, Joseph Shea. 
The team will be composed of individuals from various sectors of NASA and will 
also involve experts from within and outside Government and academia. The 
team will call upon the NASA Centers for support as required and will also 
involve the existing NASA and contractor Space Station organizations. The 
international partners will participate with the team to assure integration of 
their needs with each configuration. 

Meaningful science and technology will be a primary consideration in 
assessing each configuration option. It is enyisioned that the Redesign Team 
will provide a range of options that meet the redesign objectives, constraints, 
and goals. Cost and schedule data will be developed for each configuration 
included in the range of options to be presented by the team. 

The team will plan on status reviews during the last week of each month, 
commencing in March, leading up to supporting the Panel interim report by 
May 15, 1993, and the completion of their report with appropriate 
recommendations by June 1, 1993. The team will consist of 30 to 35 personnel 
total and will be supplemented with no more than 10 individuals from the 
international partners. 

The team will commence activities on March 10, 1993. Various alternate 
configurations will be studied and a baseline configuration will be maintained 
for: each alternative. An engineering assessment will be made of the existing 
Space Station Freedom subsystems to determine their suitability to support the 
redesigned station. In addition, a review will be made to assess the cost to 
complete each subsystem. 
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A schedule of activities is enclosed. The international partners have been 
provided a copy of this letter outlining the redesign process and have been 
requested to provide any comments by March 17, 1993. They along with other 
team members should plan to be in place on March 10 through the completion of 

, 

redesign effort. 

Daniel S. Goldin 

Enclosure 

cc: 
AD/Mr. Holloway 
WMr. Abbey 

Dr. Shea 
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Schedule of Activities 

MARCH APRIL 
10 19 29 27 

MAY JUNE 
25 1 

INITIAL MEETING 

AGREEMENT ON PLAN 
WITH INTERNATIONAL 
PARTNERS 

FIRST MAJOR REVIEW 

SECOND MAJOR REVIEW 

THIRD MAJOR REVIEW 

REPORT COMPLETE 

a 

a 

a 

a 

a 
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Appendix C - Design Guidelines 

Guidelines from the 
Administrator 

All designs must: 

1. Meet the budget. 

2. Demonstrate adequate (up-front) schedule 
and budget reserves. 

3. H a w  initial on-orbit research by 1997. 

4. Complete development by 1998. 

5. Have acceptable programmatic risk. 

6. Have acceptable technical risk. 

7. Have a 10-year on-orbit life (extendible to  
15 years). 

8. Include significant long-duration space 
research starting at Permanent Human 
Capability (formerly called Permanent 
Human Capability) 

High priority materials science 
High priority life science 

9. Respect the commitment to the 
International Partners to the maximum 
extent possible. 

10. Stimulate technical fallout. 

Science, Technology and 
Engineering Research Design 
Guidelines 

All designs shall: 

Crew 
1. Provide the minimum science and engi- 

neering research requirement of two pay- 

load dedicated crew for 90 day increments 
beginning with Human Tended Capability. 

Power 
2. Provide 30 kW power for users when the 

International Partners are accommodated. 

3. Provide a minimum of 12 kW continuous 
power to an individual payload located in 
the minimum acceleration area 
(0.707 x 10-6g for 0.01 Hz to 0.10 Hz). 

4. The external attach points should be pro- 
vided with not less than 3 kW total, but 
available to all external sites. 

5. Have 28 volt DC and 120 volt AC available 
to paylloads: local conversion is acceptable. 

Environment and Crew Health 
6. Provide normoxic conditions, 21 percent 

oxygen, maximum 0.3 percent carbon diox- 
ide. 

External 
7. 

8. 

9. 

10. 

Have not less than four external attach 
points (which includes the International 
Partners locations) with active cooling 
desirable. 

Have a 10 megabits per second downlink 
capability for each external payload (may 
be phased). 

Have uplink command capability for exter- 
nal payloads. 

Locate external attach points for payloads 
in the following directions (in order of the 
priority): 

Nadir (e.g., sensor development) 
Radwakelportlstarboard (e.g., engineer- 

Zenith (e.g., celestial viewing) 
ing materials exposure) 
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Data Processing 
11. Have a payload data management and con- 

trol computer for coordination of payload 
operations and data downlink. (United 
States Lab only) 

12. The science users will provide their own 
experiment control and display interfaces. 
(United States Lab only) 

Volume 
13. Have no less than 35 cubic meters available 

to all users when the International Partners 
are accommodated, 13 cubic meters for pay- 
loads at Human Tended Capability (assume 
International Standard Payload Rack). 

Microgravity Environment 
14. Comply with the Space Station Freedom 

1992 Program Definition and Requirements 
Document requirement for acceleration lev- 
els versus frequency and associated 
constraints. 

15. Have an  acceleration mapping system con- 
sistent with current Space Station Freedom 
baseline. 

16. Have a vibroacoustic control plan which can 
be verified through a combination of ground 
modeling and testing and final on orbit veri- 
fication. 

Communications 
17. Have a video downlink: 

Quality of single channel downlink not 
less than orbiter and Spacelab 

Video compression of a t  least six chan- 
nels from Human Tended Capability 

Video available during periods of untend- 
ed operations. 

18. Have a total downlink capability of not less 
than 50 megabits per second in both tended 
and untended operations. 

19. Have an uplink video of one channel, with 
medium fidelity required. 

20. Have total uplink of: 
Not less than 72 kilobits per second 

Spacelab equivalent for stored program 
commands and transfer to Dedicated 
Experiment Processors 
Available in both tended and untended 
operations. 

21. Have video interface and switching with 
not less than four payload video cassette 
recorders. 

22. Have a data outage recorder with enough 
capability to capture downlink data, with 
loss of signal to the users of not less than 
Spacelab at Human Tended Capability. 

Resources and Support 
23. Provide a nitrogen purge supply for fur- 

naces, combustion facilities, etc. 

24. Provide potable research water. 

25. Provide nonhazardous experiment gas 
venting. 

26. Provide an optical viewing window with: 
At least one with nadir viewing, then, in 
order of priority: 
- Oblique (port or starboard) 
- Zenith 
- Not less than 20 inches in diameter 
- Location optimized for uncontaminat- 

ed environment 
- 0.5 kW and data available at that 

location 

27. Provide capability to change-out payloads 
during the lifetime of the station. 

28. Provide payload access to both air and 
water cooling. 

29. Provide user access to the Space Station for 
samples, equipment, etc., with late access 
for launch a t  the launch site. 

30. Provide users with logistical return of sam- 
ples, equipment, etc., insuring that ani- 
mals, refrigerated samples, etc., are 
returned to researchers in a reasonable 
time. 

31. Have a caution and warning method for 
payloads adhering to a standard which 
shall be common among the users. 
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32. 

33. 

34. 

35. 

36. 

37. 

Provide human physiological baseline data 
collection capability (current orbiter and 
Spacelab capability is acceptable) at the 
landing site. 

Include distributed science operations and 
training centers use distributed using com- 
mercial and NASA institutional audio, 
video and data communications systems. 

Accommodate the United States position: 
Integrated payload training should be con- 
solidated at a single location. 

Have a logistical supply environment (for 
research specimens) with pressure and 
power and late access. 

Utilize small, task-unique payload modules 
and laboratory facilities that  will be flown 
when needed and returned to Earth when 
not in use. 

Have provisions for space, power, data and 
other requirements (scars) available to 
expand subsystems in an  evolutionary man- 
ner, including the capability for collecting 
performance data on subsystems during 
operations. Enough sensors should be avail- 
able to provide statistically significant data. 

Engineering Design Guidelines 

All designs shall: 

Safety Systems 
1. Include station and crew survival functions 

which, as a minimum, are two-fault toler- 
an t  (except during assembly and 
maintenance). 

2. Include safety monitoring, emergency con- 
trols, and mission success knctions which 
are one-fault tolerant. 

3. Have autonomous control for station critical 
functions. 

4. Include the capability for override of all 
autonomous functions which will be avail- 
able on board and on the ground. 

5. 

6. 

7. 

8. 

9. 

Permit crew initiated manual overrides of 
time critical crew and station survival 
systems 

Have emergency caution and warnings 
annunciated to the crew and may be on an 
independent path. Warning system shall 
alert the crew of malfunctions that threaten 
crew or station survival. 

Include a fire detection and suppression 
capability. 

Include an assured crew return capability 
at Permanent Human Capability. 

Have a hazard analysis and containment 
process that adheres to National Space 
Transportation System 1700.7B. 

Power System 
10. Have continuous emergency power, to  sup- 

port station survival and crew survival 
functions, available in any attitude. 

Data Processing Systems 
11. Provide that the Data Management System 

transport medium be durable and easily 
repairable on-orbit. 

12. Sensors and measurements will be consis- 
tent with the operational concept. 

13. Have core system functions partitioned 
such that the hardware and software for 
station survival functions are decoupled 
from the hardware and software for all 
other station functions. 

Communications Systems 
14. Have communications capability t o  vehicles, 

ground and extravehicular activity. 

Environmental Control And Life 
Support Systems 

15. Maintain normoxic conditions of 21 percent 
oxygen and a relative humidity of 30 
to 70 percent. 

16. Have an environmental control and life sup- 
port system sized to meet normal gas 
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Autonomous Control 

Remote Control 

Manual Control 

*Maintenance may provide redundancy action 

Able to do primary fmctions and 
reconfigure itself for failures 

Accepts commands from DMS onboard 
or from ground 

Manual crew input to a control device 
not using DMS 

DEFINITIONS: 

2. In-flight maintenance may provide a level of redundancy for crew survival, habitability or other 
systems functions. 

3. Payload support functions will generally be zero-fault tolerant, but the payloads will be required to 
meet “Fail-safe” requirements. 

4. This Table becomes applicable at Permanent Human Capability. 
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17. 

18. 

19. 

consumption and losses between logistic 
resupplies, plus the capability to repressur- 
ize volumes that may require i t  during oper- 
ations and contingencies. 

Not contribute to space debris due to  their 
waste management system. 

Return solid waste to Earth 

Reprocess or safely dump liquid waste. 

External 
20. 

21. 

22. 

Keep the fluids, in the external components 
that  handle fluids, from freezing, or design 
components to remain undamaged if the 
contained fluids are frozen. 

Consider the preferred methods of external 
orbital replacement unit maintenance are, 
in order: 

Robotics 
Extravehicular activity. 

Have a thermal control system designed to 
operate without planned exterior compo- 
nent replacement for 10 years. However, all 
components will be designed for repair or 
replacement. 

Prop u l s ion 
23. Have reboost capability. 

General 
24. 

25. 

26. 

27. 

Accommodate simultaneous dual orbiter 
mating. 

Have the station structure, solar arrays, 
radiators, attached payloads and other exte- 
rior elements allow adequate clearance for 
the orbiter’s expected docking envelope. 
Other vehicles docking with the station will 
be expected t o  conform with the orbiter’s 
envelope. 

Have accessibility to Space Station systems 
performance data by onboard applications 
and from the ground. 

Reach United States Permanent Human 
Capability by the end of calendar year 1998. 

~ 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

Have a probability of no less than .9955 of 
surviving a micrometeoroid or orbital debris 
hit during the station’s ten year life 

Maintain a capability for a two year orbit 
life independent of resupply. 

Have safing features that can be selected, 
regardless of control failures, when using 
robotic devices to  support extravehicular 
activity or other critical operations. 

Have redundancy t o  protect the survival 
temperature of all robotic devices. 

Include the capability that all interior com- 
partments be able to  be individually depres- 
surized and repressurized by local control, 
from another compartment or from the 
ground, as  required. 

Isolate all pressurized compartments when 
the crew leaves the station. 

Perform only operations that have adequate 
hazard detection and control in untended 
mode. 

Special Note 
All references to Space Station Freedom 
components (weight, power, volume, main- 
tenance crew time, thermal and logistics) 
shall be directly traceable to the March 
1993 submissions (by the Work Packages 
and International Partners) of the above 
data to Space Station Freedom Level I1 
Resource Margin Summary. All designs 
shall: ’ 

Operations Design Guidelines 

Safety 
1. 

2. 

3. 

Hive fail safe payload support systems. 

Define the maximum altitude allowed by 
the radiation exposure limits of the crew 
when a crew is present. 

Have a safe haven capability. 
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4. Have consumables and system capacities 
with sufficient margin to continue opera- 
tions and endure a missed logistics resup- 
ply cycle without endangering the crew or 

I station. 

Crew 
5. Have a minimum crew size of three when 

the station is operational. 
I Data Processing 

6. Display station and payload health, status 
and safety data on-orbit. 

General 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

Include an  integrated logistics support con- 
cept. 

Include an  assembly plan. 

Include a tes t  and verification plan. 

Utilize standardized tools and equipment 
necessary to analyze problems and to repair 
and modify process hardware which will be 
available for internal payload experiments. 

Provide for safe disposal of the  station at 
the  end of i ts  useful lifetime. 

Include a n  airlock. 

Provide for a mission director and a station 
commander. 

The mission director will be estab- 
lished on the ground and be responsible 
for: 
- Execution of mission objectives 
- Mission planning 
- Tasking 
- Allocation of priorities, resources 
- Flight planning 
- Resupply, rendezvous planning 
- Contingency operations 
The Station Commander will direct 
on-orbit activities, and will be respon- 
sible for: 
- Health and safety of the crew 
- Integrity of the station 
- Accomplishment of the missions and 

tasks assigned. 

Guidelines Derived From The 
Existing International 
Agreements 

The below listed guidelines include those devel- 
oped and agreed by the four Partners, as derived 
from the top-level commitments undertaken by 
these Partners in the Intergovernamental 
Agreements and the Memoranda of 
Understanding. For completeness, certain agree- 
ments derived from the Memorandum of 
Understanding with the Italian Space Agency 
have also been incorporated. These guidelines, 
together with those developed in the  United 
States, will constitute the total set  of guidelines 
to be used in the initial definition of redesign 
options and the assessme?it of options through- 
out the redesign effort. 

1. 

2. 

3. 

4. 

5. 

The technical and programmatic baseline of 
any option shall include the  assembly of the 
Attached Pressurized Module, Japanese 
Experiment Module, Mobile Servicing 
System, and the Mini-Pressurized Logistics 
Module as well a5 the  necessary resources 
to support their operations and utilization 
(i.e., The Attached Pressurized Module, 
Japanese Experiment Module, or  Mobile 
Servicing System should not be associated 
with a growth configuration or  planning). 

The technical and programmatic baseline 
shall achieve Fermanent Human Capability 
(formerly called Permanent Human 
Capability) on a timeline agreed by all 
Partners. 

The schedule for the Mini-Pressurized 
Logistics Module development and the 
Attached Pressurized Module, Japanese 
Experiment Module, and Mobile Servicing 
System launch and outfitting shall not sig- 
nificantly deviate from current Space 
Station Freedom baseline. 

A crew of four shall remain the minimum at 
Permanent Human Capability. 

A growth potential for a crew of eight and 
75 kW power shall be maintained. 
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6. 

7. 

8. 

The “new” on-orbit operational life require- 
ment shall be counted from the t.ime of com- 
pletion of assembly, including the Attached 
Pressurized Module, Japanese Experiment 
Module and Mobile Servicing System. On- 
orbit operational lifetime shall be coordinat- 
ed among the Partners. 

The Space Station Freedom system require- 
ments  applicable to the Attached 
Pressurized Module, Japanese Experiment 
Module, Mobile Servicing System (through 
the Program Defintion and Requirements 
Document and  Joint  Program Definition 
and  Requirements Document), and the 
Mini-Pressurized Logistics Module shall be 
kept  to  the  maximum extent. Impact of 
deviations to be assessed and agreed by the 
management mechanisms provided by the 
Memoranda of Understanding. 

Same for any already established technical 
interfaces and  interface control documents 
between Space Station Freedom, the 
Attached Pressurized Module, Japanese 
Experiment Module, Mobile Servicing 
System, and  the Mini-Pressurized Logistics 
Module and to payloads. 

9. 

10. 

11. 

12. 

Shuttle launch performances and interface 
requirements for the Attached Pressurized 
Module, Japanese Experiment Module, 
Mobile Servicing System and the Mini- 
Pressurized Logistics Module shall not be 
modified. 

In assessing the operations scenario and 
costs, proposed additional contributions 
from the International Partners and Italian 
Space Agency’s willingness to consider ele- 
vating the priority of the  Minilab shall be 
taken into consideration. 

The Mini-Pressurized Logistics Module 
shall be considered the pressurized carrier 
to support initial on-orbit research capabili- 
ty. Significant use of the Mini-Pressurized 
Logistics Module is to be envisaged once the 
development of the Space Station is 
complete. 

The NASA and Italian Space Agency agree- 
ment tha t  a joint decision will be made in 
December 1994 on the Italian Space 
Agency’s provision of a Minilab shall be con- 
sidered in the assessment of each option. 
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Appendix D - Subsystems 

Subsystem: Data Management System 

Function Option A Option B Option C 

Processors MDM SDP GPC (2) 
Memory 3 Mbytes 16 Mbytes 256 kbytes 
CPU 1.6 mips 3.9 mips 1.2 mips 

Mass storage 40 Mbytes 320 Mbytes 16 Mbytes 
Workstation Lap tops MPAC DDU & keyboard 

Memory 200 Mbytes 16 Mbytes 2.5 Mbytes 
CPU 20 mips 3.9 mips 2.6 mips 

Payload processor MDM SDP GPC (2) 

Dismbuteddatainterface 1553- lMbps FDDI - 10 Mbps (3) 1553-1Mbps 

International gateway yes (1) Yes yes (1) 

Local bus 1553 1553 1553fRS-422 I Lines of code (PHC) 492k 1372k 232k 4 

(1) 
(2) Orbiter computer 
(3) 

Does not allow a 802.4 international interface but provides a 1553 interface 

Separate Fiber Distributed Data Interface (FDDI) for payloads deleted 

MDM: multiplexer/demultiplexer 
SDP: standard da ta  processor 
GPC: general purpose computer (Shuttle) 
mips: million instructions per minute 
MPAC: multi-purpose access computer 
DDU: digital display unit 

Subsystem: Structures and Mechanics 
~~ ~~~~ I Function Option A Option B Option C 

Airlock Yes Yes not required 
E T A  device Yes Yes not required 

CBM Yes Yes Yes 
Cupola Yes Yes no (1) 

Mobile transporter no Yes not required 

(1) Utilizes the 6 windows 

E T A :  crew equipment translation aid 
CBM: common berthing mechanism 
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Attitude control 12 8 10-22 Ibdea 10 8 9-25 Ibdea 12 Q 25 Ibdea 
Number of CMGs 6 4 4 

3500 ft-lbs-sec 3500 ft-lbs-sec Momentum capability (ea) 1700 ft-lbs-sec 

Star trackers yes - 3 yes - 2 no 

Global Positioning System yes no Yes 
Passive dampers no yes - 4 not required 

? 

I Subsystem: Electrical Power System 

Function Option A Option B Option C 

Solar arrays 

Alpha gimbal 

Beta gimbal 

Output per arraylwing 
51.6 degrees 

28.8 degrees 

Output per channel 

51.6 degrees 

28.8 degrees 

Fault tolerance 
Regulation 

Parallel bus 
4uto/manual distribution 

roltages 

2 - Power Station 2 - Power Station N/A 
6 - PIIC 6 - PHC 4 - PHC 

no Yes no 
Yes Yes no 

15.3 kW (SI) 
11.8 kW (LVLH) 

12.3 kW 12.7 kW 

11.6 kW 11.8 kW 14.4 kW (SI) 

8.5 kW (LVLH) 

6.1 kW 12.7 kW 5.1 kW (SI) 
3.9 kW (LVLH) 

5 . 8 k W  11.8 kW 4.8 kW (SI) 
2.8 kW (LVLH) 

2 Q 1st  flight 2 8 1st flight 
Yes Yes no (1) 

Yes Yes no 

auto auto manual (2) 

1 63 1st flight 

113- 120 vdc 113-120 vdc 105-140 vdc; 

19-32 vdc 

(1) Regulated voltage provided to International Partners 
(2) Auto for critical systems only 

SI: solar inertial attitude 
LVLH: local-vertical local-horizontal attitude 

Subsystem: Guidance, Navigation and Control System 

I Function Option A Option B Option C 1 

I Propellant Bi-propellant mono-propellant Bi-propellant (1) 

MMWN2O4 hydrazine MMWN2O4 I 
Motors I Boost I 2 8 110-300 Ibdea 3 8  20-55 Ibdea 6 Q 870 Ibdea (2) 



Subsystem: Thermal Control System 

I Function Option A Option B Option C 

Cooling fluid PVTCS: 1 phase ammonia 1 phase ammonia (1) 
ETCS: 1 phase ammonia 2 phase ammonia 1 phase freon 
ITCS: 1 phase H20 1 phase H20 1 phase H20 

Loops and temperature 

Power module 2 PV1& 1 PV2 2 PV1 and 1 PV2 (1) 

ETCS loops 1 low & 1 medium 1 low & 1 medium 4 low 

ITCS loops 1 low & 1 medium 3 low & 3 medium 2 low/medium 

Rejection capability 

Power module 11.3 kW 16.7 kW ( 1) 

ETCS loops 68.0 kW 95.0 kW 54.0 kW 
Power required 

Power module 1.076 kW .794 kW (1) 

ETCS loops 1.060 kW .691 kW 1.702 kW 
ITCS loops 1.100 kW 1.494 kW .997 kW 

Power module 8,229 lbs 7,228 lbs (1) 

ETCS loop 19,624 lbs 18,021 lbs 22,540 lbs 

ITCS loop 3,582 lbs 7,799 lbs 3,791 lbs 

Weight 

(1) PVTCS and ETCS combined 

PVTCS: photovoltaic thermal control system 
ETCS: external thermal control system 
ITCS: internal thermal control system 
PV1 and PV2: photovoltaic arrays 1 and 2 
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Appendix E 

Appendix E - Alternative 
Transporation Options 

This appendix contains a discussion of the vehi- 
cles, capabilities and comparisons made as part 
of the Alternative Transportation Options 
assessment performed by the Station Redesign 
Team. Since the expendable launch vehicles of 
the United States and the International Partner 
countries are relatively well known, general 
descriptive information of these vehicles has not 
been included. However, because of the recent 
exchanges with the Russians, new information 
regarding their expendable launch vehicles and ' 

some detail on these systems is presented in this 
appendix. 

, space vehicles has become available. Therefore, 

, 
Russian Expendable Launch 
and Space Vehicles 

Several Russian space transportation systems in 
operation today could be applied to Space 
Station assembly, logistics and human trans- 
portation. 

Expendable Launch Vehicles 

The following vehicles would launch from the 
Baikonur Cosmodrome in Kazakhstan (latitude 
of 45.6 degrees North). 

Soyuz: The Soyuz launch vehicle has flown 
over 1400 times since 1957. It is a two and one- 
half stage vehicle; all stages use liquid oxygen 
and kerosene as propellants. None of the stages 
is known to have throttling or restart capability. 
The core first stage and four strap-on boosters 
are ignited at lift-off. When all propellant in the 
boosters has been consumed, they are jettisoned; 
the core continues to  burn until its propellant 
supply is exhausted, at which time it is jetti- 
soned and stage 2 is ignited. Stage 2 provides 
final orbit insertion (typically of a Soyuz TM or 
Progress spacecraft). 

tions for launch of crewed Soyuz TM, Soyuz 
The Soyuz launch vehicle has direct applica- 

assured crew return vehicle or Progress resupply 
vehicles to  a Space Station at 51.6 degree incli- 
nation. As the Soyuz and Progress spacecraft are 
sized for this vehicle and given the range safety 
constraints, there is no capability for delivery to 
orbit inclinations lower than 51.6 degrees. 
Detailed information regarding the Soyuz launch 
vehicle has not been pursued with the Russian 
delegation. 

Proton: The Proton has been the primary 
heavy lift launch vehicle since the late 1960s. I t  
is the only Russian vehicle capable of placing 
payloads into geostationary orbit. A three stage 
and a four stage version of the Proton exists. 
Stage 1 consists of six strap-on fuel tanks 
attached to  a single shared core oxidizer tank; 
each fuel tank has its own engine. Upon shut- 
down, the core tank and strap-on fuel tanks are 
jettisoned as a single unit. The four stage 2 
engines then ignite; when stage 2 propellant is 
exhausted, it is jettisoned. Stage 3 has a single 
main engine; for a three stage mission, stage 3 
places the payload into low Earth orbit; for a four 
stage mission, stage three is typically jettisoned 
just prior to  reaching orbit. The first three stages 
all employ nitrogen tetroxide and unsymmetrical 
dimethyl-hydrazine as propellants and are nei- 
ther throttleable nor restartable. For the four 
stage vehicle, stage 4 places the payload into a 
low Earth parking orbit and then executes the 
proper series of burns to  fulfill the mission 
requirements. Stage 4 burns liquid oxygen and 
kerosene, and may be restarted up to seven 
times. However, it does not possess throttling 
capability. 

The Proton is a proven vehicle with cargo lift 
capability to  51.6 degree inclination that is com- 
parable to, or greater than, any other operational 
expendable launch vehicle. I t  has been used rou- 
tinely for delivery of Salyut and Mir space sta- 
tions modules. An estimated 209 launches of the 
Proton family (including an early two-stage ver- 
sion) have been attempted since 1965, including 
an estimated 26 three-stage Proton and 179 four- 
stage Proton vehicles. Historical reliability of the 
Proton, during a span of 107 launches between 
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I 
1983 and 1992, is 94.4 percent. For 37 launches 
during the 1989 through 1992 timespan, reliabil- 
ity was 97.3 percent. Proton is launched into ini- 
tial orbit inclinations of 51.6 degrees, 65 degrees 
and 72 degrees, which are limited by downrange 
stage impact zone and overflight constraints. The 
fourth stage, referred to as the Block DM, is used 
for subsequent payload transfer to high altitude 
and/or low inclination orbits, typically for geosyn- 
chronous missions, or transfer to interplanetary 
orbits. 

The three-stage Proton could deliver Space 
Station assembly elements or large logistics pay- 
loads to an inclination of 51.6 degrees. Payload 
mass delivery capability to a 108 nautical mile 
altitude circular orbit is reported to be approxi- 
mately 46,300 pounds. In combination with an 
orbital transfer and rendezvous and docking 
stage, large payloads could be delivered directly 
to the Space Station. A modernized Proton is cur- 
rently in development and is planned to be avail- 
able by 1995. Several vehicle systems will be 
upgraded; three-stage performance capability is 

I 

planned to improve to approximately 48,500 
pounds to the 108 nautical mile circular orbit. 

Existing versions of Proton fairings (having 
a maximum external diameter of 13.45 feet) are 
not adequate for large diameter cargoes. Salyut 
and Mir modules have been flown with partial 
payload fairings covering sections of the mod- 
ules. A new fairing would need to  be developed 
to accommodate Space Station modules. 

The inclination capability of the existing 
four-stage Proton is dependent on spacecraft 
configuration and weight. Approximate capabili- 
ties are summarized in Table 59. The table 
includes data provided by NPO Energia and 
data generated through NASA independent sim- 
ulation. Further detailed analysis would be 
required to resolve any differences. NPO 
Energia data for the modernized Proton were 
generated using a nonstandard ascent profile 
which assumes large suborbital burns of the 
fourth stage. Range safety constraints may not 
have been applied. 

Table 59 
Proton inclination capability for selected missions 

Minimum Orbit Inclination Capability 

- Spacecraft Existing Proton Modernized Proton 

Mission Weight NASA* NPO-E N A S A *  NPO-E 

Soyuz TM 15,587 Ibs. 36" 

- crew of3  

- escapesystem 

Soyuz ACRV 

- max.projected 16,300 Ibs. 36" 34.6" 34" 31.5" 

weight 

- min. potential 15,200 Ibs. 34.5" 33.2" 33" 30.1" 

weight 

Progress M 16,138 Ibs. 36" 34.4" 34" 3 1.2" 

t Minimum inclination limits are necessarily imprecise due to limited detailed knowledge of Russian 
systems. 
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The existing four-stage Proton and the 
planned modernized Proton do not have SUE- 
cient performance capability to deliver a stan- 
dard Soyuz TM or Progress M spacecraft to an 
inclination of 28.8 degrees. I t  is not clear that  
the Proton could be further upgraded to achieve 
that objective without the addition of a new liq- 
uid oxygediquid hydrogen upper stage. Human- 
rating of the Proton would be required to support 
crewed S o p  TM missions. 

cle. All launches currently take place from the 
Baikonur Cosmodrome; a launch site at Plesetsk 
is in work but has  been delayed. Stage 1 employs 
a single engine with four combustion chambers; 
this engine is throttleable. Upon stage 1 shut- 
down, stage 2 ignites and places the payload into 
low Earth orbit. The single stage 2 main engine 
is also throttleable; neither engine is capable of 
restart. 

The Zenit has  been launched 20 times since 
its introduction by NPO Yuzhnoye, of the 
Ukraine, in 1985. Three consecutive failures 
between 1990 and 1992 have been followed by 
three consecutive successes since November 
1992. The Zenit is limited to near 51.6" for Space 
Station applications because of its performance 
capability and stage impact zones. Zenit perfor- 
mance is shown in Table 60. Zenit offers a capa- 
bility which is well-matched with Progress-deriv- 
ative logistics vehicles. A Progress MT resupply 
vehicle, described in the.following section, 
launched on a Zenit would deliver up to approxi- 
mately 13,000 pounds usable cargo to the Space 
Station. Existing fairings are adequate to  sup- 
port  Progress-type missions. The Zenit was 
designed as a potential Soyuz launch vehicle 
replacement for Soyuz TM spacecraft launches 
and is thereby human-ratable. This operational 
mode will not be further considered until Zenit 
reliability is  proven through additional flight 
experience. 

Zenit: The Zenit is a two-stage launch vehi- 

Space Vehicles 

Progress Resupply Vehicle: Versions of the 
Progress resupply vehicle have supported the 
Salyut and Mir space stations since 1978. The 
Progress M spacecraft is the second generation of 
Progress, incorporating system changes made 
during the Soyuz upgrade to the TM version. The 
Russian delegation provided detailed data 
regarding three versions of the Progress space- 

craft which could be applied to the Space Station: 
the existing Progress M and two proposed modifi- 
cations. Illustrations of these spacecraft are 
included in Figure 116. 

The existing Progress M is specifically suited 
to the logistics requirements of Mir; it has  a pres- 
surized cargo compartment and a refueling mod- 
ule, from which Mir propellants, water and oxy- 
gen are replenished by transfer through ducts to 
the Space Station. The pressurized cargo capabil- 
ity is approximately 4,000 pounds, within a vol- 
ume of 247 cubic feet. The total cargo capability, 
including liquid and gas consumables, is approxi- 
mately 5,500 pounds when launched on the 
Soyuz launch vehicle. The Progress M 
autonomously rendezvous and docks with Mir, 
with a real-time data link to the ground con- 
trollers and Mir crew. Pressurized cargo is trans- 
ferred manually by the Mir crew and is limited in 
size by the 2.62 feet diameter Progress and Mir 
hatches. This spacecraft could be launched on a 
variety of international launch vehicles, such as 
Atlas, Titan, Ariane or the H-11. The spacecraft 
launch mass is approximately 16,100 pounds. 

The Russian delegation proposed a modified 
version of the Progress M, replacing the existing 
cargo and refueling modules with a larger pres- 
surized cargo module, to better suit the 
redesigned Space Station logistics scenarios. The 
launch mass of 16,100 pounds was retained to 
allow continued use of the Soyuz launch vehicle; 
the pressurized cargo capability was increased to 
approximately 7,000 pounds within a volume of 
459 cubic feet, retaining the existing 7.2 feet 
cargo module external diameter. The hatch diam- 
eter of 2.62 feet would likely be retained because 
of this vehicle diameter. The modified Progress 
M could be launched on a variety of international 
vehicles. To take advantage of the increased lift 
capability of some of these other launch vehicles, 
i t  would be beneficial to increase the pressurized 
cargo load of Progress M. 

The Progress MT service module, containing 
the propulsion, power, control systems, etc., is an 
upgrade from the standard Progress M service 
module. The Progress MT concept illustrates 
that  a Progress-derived logistics vehicle could be 
sized optimally for any selected international 
launch vehicle. The Progress service module, in 
conjunction with a payload-attached forward ren- 
dezvous and docking electronics system and 
docking mechanism, could serve as a transfer 
vehicle for a variety of Space Station payloads. 
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Table 60 
Reported Zenit performance capability summary 

Launch 
Vehicle 

Orbit Orbit 

Site Altitude 

Two-stage Zenit : B aik on u r  216 nm 

- circularization with 

2nd stage steering Plesetsk 216 nm 

en gin e s 

Three-stage Zenit Plesetsk 216 nm 

- Block DM 3rd stage 

Payload 
Inclination Weight 

51.6" 25,600 lbs. 

63.4" 24,900 lbs. 

28.5" 2200 - 
4400 lbs. 

A Progress MT vehicle concept has been 
defined for use with the Zenit launch vehicle. 
This spacecraft has been considered for use with 
the Mir program, so i t  has liquid and gas storage 
and refueling capability similar to the standard 
Progress M. The projected pressurized cargo 
capability is approximately 13,000 pounds within 
a 663 cubic foot volume with a cargo module 
external diameter of 7.2 feet. With a diameter 
increase to 10.2 feet, the cargo volume grows to 
approximately 1060 cubic feet (cargo weight 
capability stays at 13,000 pounds as it is limited 
by Zenit lift capability). I t  is possible that the 
10.2 feet diameter version could accommodate a 
hatch with a diameter larger than 2.62 feet. 

FGB Universal Salyut Block: The FGB 
Universal Salyut Block is a complex spacecraft 
system containing propulsion, power, guidance, 
navigation, control, thermal, communications 
and life support systems. It is  capable of flying as 
a human-rated free flyer. Various downsized ver- 
sions of this full-capability system have been 
integrated into prior Mir module and Kosmos 
missions to provide payload support functions, 
propellant transfer, rendezvous and docking 
operations. This vehicle has  an internal propel- 

lant capacity up to 21,160 pounds, with the abili- 
ty to  carry additional propellants external to the 
basic structure. I t  has flown with 20 kW of 
power, with capability of approximately 30 kW. 
It  can stabilize and control up to 275,000 pounds. 
Versions of this stage have been flown on numer- 
ous Kosmos, Salyut spacecraft and the Kvant 
and Kristall modules currently on the Mir space 
station complex. The use on Kvant is illustrated 
in Figure 117. It  will also be used on the Priroda 
and Spectr modules, planned for delivery to Mir 
within the next two years. On the Kvant module, 
the stage was separated from the module after 
deliverjr to Mir. For the other Mir modules, the 
stage remains integrated to the attached 
modules. 

Salyut Space Tug: The Salyut space tug, a 
downsized version of the FGB, is 13.45 feet diam- 
eter by 11.5 feet long; dry mass is 5500 pounds, 
with a propellant load of 2760 pounds. This pro- 
pellant load is sized for planar orbital transfer 
operations. I t  cannot accomplish significant orbit 
inclination changes for payloads in the assembly 
module class. The performance of larger propel- 
lant load versions of this stage is evaluated in 
the following section. 
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t 
Vehicle 

Weight 
Height 

Maximum diameter 

Pressurized cargo volume 

Appendix E 
8 

Soyuz TM 

15,600 Ib 
22.9 n 
8.9 n 

NIA 

7000 Ib Cargo capacity within pressurized NIA 
volume 

up to 13,000 Ib 

Progress M . 
16,100 Ib 

24.4 n 
8.9 n 

~~ 

247 cu fi 

4000 Ib 

Modified 
Progress M Progress MT 

16,100 Ib 28,100 Ib 
24.4 n 
8.9 n 8.9 - 10.2 n 

459 cu ft I 663 - 1060 cu 11 

Figure 11 6 
Soyuz and progress vehicle concepts 

4 51 ft b 

'v------- -.J 
L --__..-- c -y---I- 

Shroud Space Tug Kvant Module 
Figure 11 7 

Use of FGB Universal Salyut block for delivery of Kvant module 
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Supporting Analysis 

Launch Azimuth Constraints 

Evaluations focused on use of the Baikonur 
Cosmodrome which is located at an approximate 
latitude of 45.6 degrees North. The lowest orbit 
inclination that can be reached from Baikonur, 
through a launch at a due east azimuth of 
90 degrees (measured clockwise from north) 
without the use of ascent or orbital maneuvers 
designed to change the orbit plane, is therefore 
45.6 degrees. Launch vehicle performance would 
be at its maximum at this launch azimuth and 
resulting orbit inclination. Range safety consid- 
erations, however, constrain Baikonur launches 
to more northerly azimuths (except for some par- 
ticular cases such as  for polar orbits). Because of 
a significant amount of Russian and Chinese 
land overflight, Russian expendable launch vehi- 
cles are restricted to specific launch azimuths to 
minimize land impact of spent stages and jetti- 
soned hardware (planned or accidental) on or 
near populated regions. The ascent trajectories 
have been designed to drop spent stages and 
other jettisoned components (e.g., payload fair- 
ings) in designated zones within the boundaries 
of Russia or Kazakhstan, and to minimize, to the 
extent practical, the overflight of other countries. 

Figure 118 illustrates these constraints for 
the case of the Proton launch vehicle. Hardware 
impact zones and instantaneous impact points 
are plotted for three inclination cases, the theo- 
retical performance optimum of 45.6 degrees, the 
standard Proton launch inclination of 
51.6 degrees, and an  alternate Proton inclination 
of 65 degrees. The instantaneous impact point 
trace represents the possible locations of launch 
vehicle impact due to instantaneous loss of 
thrust throughout the ascent trajectory. I t  can be 
seen in the figure that the 51.6 degree trajectory 
provides for programmed hardware impact in 
Russia and Kazakhstan, with overflight of a 
small section of northeast China. This results in 
a significantly reduced probability of hardware 
impact in Chinese territory, as compared to the 
due east launch case illustrated in more detail in 
Figure 119. A due east launch to a 45.6 degree 
inclination would result in an instantaneous 
impact point dwell time over China of more than 
four minutes, and impact points passing through 
major population areas. A future launch a t  

45.6 degrees is highly unlikely due to safety and 
political considerations. 

United States and International Partner 
launch vehicles are relatively less constrained by 
launch site latitude and hardware impact consid- 
erations. Stage and hardware disposal is 
designed to  occur in ocean areas and need only 
avoid islands and land mass coastlines. The 
highest inclination that can be achieved by 
United States vehicles without ascent steering is 
approximately 57 degrees to avoid the United 
States land mass. 

Human Access Analysis 

Today, the only operational human-rated space 
transportation systems are the United States 
Space Shuttle and the Russian Soyuz TM deliv- 
ered to orbit by the Soyuz launch vehicle. The 
Space Shuttle has the capability to deliver 
humans and cargo to the entire range of inclina- 
tions considered. The Soyuz launch vehicle, hav- 
ing been designed for optimal delivery to the 
Soviet Space Stations (Salyut and Mir), has max- 
imum capability to  an orbital inclination of 
51.6 degrees. The primary mission of the Soyuz 
TM is delivery and return of humans. Minimal 
cargo is carried on the Soyuz TM vehicle. Cargo 
is instead delivered independently by the 
Progress M vehicle launched atop the Soyuz 
launch vehicle. 

To increase the inclination range to which 
the Soyuz TM may be delivered, i t  could concep- 
tually be launched by more capable booster vehi- 
cles. Being a Russian asset, minimal integration 
issues would be faced if i t  were launched by 
another of the more capable Russian boosters 
(i.e., Proton or Zenit). However, it could as well 
be delivered by the European Ariane IV or 
Ariane V, the Japanese H-11, or  United States 
Atlas or Titan class launch vehicle. The inclina- 
tion range to which the Soyuz could be delivered 
is dependent on the launch site and launch 
vehicle capability. 

The Ariane V and Zenit are planned to be 
human-rated. Ariane human-rating is achieved 
by a parts reliability program and redundancy 
considerations within the basic design together 
with a rigorous test and verification program 
that will include instrumented test flights and a 
series of flights with unmanned payloads. The 
Zenit human-rating potential is discussed in the 
Russian Expendable Launch and Space Vehicles 
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Targel Orbit: 210 km (1 13nmi) Circular (Planar Ascent) 

loo' E 120' E 140' E 160' E W E  80' E 
Longitude 

Figure 118 
Vacuum instantaneous impact point traces and hardware impact points for Proton 

Target Orbit: 1 13 n mi Circular @ 45.6 deg. (Planar Ascent) 
Launch Azimuth = 90 deg. 

Kazakhstan - Proton I.1.P Trace 
0 Hardwan Impact Point 
X Major Chinese City (Name, Population) 

100 E l lOE 120 E 130 E 80 E 90E 
Longitude 

Figure 119 
Vacuum instantaneous impact point traces and hardware impact points for Proton due 

east launch from Baikonur 
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Table 61 
Options for human access to Space Station applicable inclination ranges 

Vehicle Inclination Range Human-Rated 

Space Shuttle 28.8" -51.6" 

Soyuz TWSoyuz Launch Vehicle 51.6" only 

Soyuz TWAriane 5 28.8" -51.6" 

Soyuz TWProton 36" - 51.6" 

Soyuz TWZenit 

SOYUZ TWH-I1 28.8" -51.6" 

Soyuz TMAJ.S. ELV 28.8" - 51.6" 

45" * - 51.6" 

Yes 

Yes 

Designed to be 

No 

Designed to be 

No 

No 

* Liens on booster performance due to escape system will determine lower inclination limit 

section of this appendix. Neither the Ariane IV 
nor the H-I1 are intended to be human-rated. 

Table 61 shows the human access options 
and the applicable inclination ranges. 

Cargo Access - Assembly and 
Logistics Analysis 

The options for delivery of cargo, either for 
assembly or logistics, are much greater than for 
delivery of humans simply due to the number of 
available expendable launch vehicles. One of the 
largest issues associated with delivery of cargo 
or assembly elements is the necessity of provid- 
ing a transfer stage to maneuver payloads from 
a phasing orbit to the Space Station. The United 
States does not possess such a vehicle. However, 
Russia has  employed autonomous rendezvous 
and docking for more than 15 years with i ts  
Salyut and Mir space stations. This has been 
accomplished via the Progress series of resupply 
craft and the FGB Universal Salyut Block inte- 
grated with Mir modules. 

Because of their limited cargo capacity, the 
Progress M and its variants would be used for 
delivery of smaller logistjcs elements. The 
recently proposed Salyut space tug could be used 
for the autonomous delivery of assembly ele- 
ments. Although not equipped with autonomous 
rendezvous and docking hardware itself, this 
stage has performed as part of autonomous ren- 
dezvous and docking systems in the past (e.g., 
delivery of Mir-1 modules). The Progress series 

could also be integrated with a variety of inter- 
national launch vehicles including the Russian 
boosters, thus providing a spectrum of capabili- 
ties from different launch sites around the 
world. Finally, using only the propulsion module 
and necessary autonomous rendezvous and 
docking avionics from the Progress, a Progress 
Derived Transfer Stage could be built to deliver 
a Space Station assembly or logistics element. 

The only other potential transfer vehicle 
currently planned is the European automated 
transfer vehicle. Projected availability of this 
vehicle is in the year 2000. The automated 
transfer vehicle would be capable of delivering 
cargo and large Space Station elements (e.g., 
international pressurized modules). The usable 
cargo and carrier weight delivered to the Space 
Station, as  a function of inclination for a variety 
of existing and potential vehicle configurations, 
is shown in Table 62. For the Space Shuttle, 
usable cargo and carrier weight is defined as the 
difference between the Space Shuttle gross lift 
capability and the launch package integrator 
weight. For assembly and logistics missions the 
launch package integrator weights are 6,000 
pounds and 7,200 pounds, respectively. All 
Space Shuttle capability figures have assumed a 
Space Shuttle program manager's reserve of 
3,500 pwnds. Table 63 shows general Space 
Shuttle capabilities for different Space Shuttle 
configurations a t  28.8 degrees and 51.6 degrees 
with three different launch package integrator 
weights. The first two flights of the advanced 
solid rocket motors will be test flights, with an  
assumed performance gain of 8,000 pounds over 
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the baseline Space Shuttle, and were not consid- 
ered in this analysis. Flights 3 through 10 will 
assume a gain of 10,000 pounds. Flights 11 and 
subsequent will gain 12,000 pounds. 

For expendable launch vehicles with transfer 
stages, usable cargo and carrier weight is defined 
as the difference between the expendable launch 
vehicle gross lift capability to the Space Station 
orbit and any integration hardware weight nec- 
essary to launch the cargo and its carrier. For 
the Progress vehicles, the weight shown is the 
delivered cargo weight since the Progress vehi- 
cles proposed by the Russian delegation include a 
pressurized carrier. 

As can be seen from Table 62, many of the 
capabilities are the same at both inclination lim- 
its. This is because the Progress carriers, as pro- 
posed by the Russian delegation, have not neces- 
sarily been optimized for the various launch 
vehicles. Thus, payload capability is limited by 
the volume of the carrier rather than the capabil- 
ity of the launch vehicle. Optimized Progress car- 
rier sizing would result in greater capability a t  
28.8 degrees and 51.6 degrees for Atlas, Titan, 
Ariane and H-11. Launch vehicles capable of car- 
rying large versions of the Progress (i.e., 
Modified Progress and Progress MT) could also 
carry smaller versions. For example, the 
Ariane V can carry all Progress versions even 
though only the Progress MT is shown in 
Table 62. 

Finally, it should be noted that existing 
expendable launch vehicle upper stages could be 
modified to  perform the autonomous rendezvous 
and docking function. Beyond modification of 
existing upper stages for autonomous rendezvous 
and docking capability, similar modifications 
could be made to other stages that have been 
used in the past as orbit transfer or injection 
stages. Table 64 shows the potential capabilities 
of the applicable United States launch vehicles 
with modified upper stages. For preliminary 
capability estimation purposes, the potential 
usable cargo and carrier weights of the vehicles 
in Table 64 were reduced by 1,000 pounds for the 
addition of autonomous rendezvous and docking 
avionics and related hardware. 

Transportation Implications 
with Russian Participation 

Figure 120 shows the Space Shuttle and Proton 
performance as a function of the Space Station 

inclination. The Space Shuttle capabilities on the 
figure are for a variety of different external tank 
and solid rocket motor configurations. Also, these 
capabilities are 1,200 pounds greater than those 
tabulated in Table 62 to account for the lower 
launch package integrator weight for an assem- 
bly flight. Proton performance is shown for the 
Block DM (Proton fourth stage) and the Salyut 
space tug. Because of the inherent capabilities of 
each vehicle when launched by the Proton, the 
Block DM would only be used when delivering 
payloads to low inclinations (less than about 
45 degrees ) while the Salyut space tug would be 
used exclusively for payloads to high inclinations 
(greater than about 45 degrees). The exception to 
the Block DM at low inclinations is when Mir-2 
technology modules would be delivered. Since the 
Salyut space tug is planned to be integrated with 
these modules for launch t o  Mir-2, it is reason- 
able that this configuration also be used for 
launch to  the Space Station, although some 
penalty is incurred in terms of the lowest achiev- 
able inclination. 

be delivered by the Space Shuttle or Proton, a 
natural division into high and low weight ranges 
is apparent. The high weight range includes the 
Japanese Experiment Module, Attached 
Pressurized Module, pressurized logistics carrier, 
Mir-1 modules and the Mir-2 core module. The 
low weight range includes the Mir-2 technology 
modules, Soyuz TM (with and without crew), the 
Progress M and the mini-pressurized logistics 
carrier. The limits on the high weight range were 
established by the current maximum program 
allowable weight, 31,800 pounds (i.e., standard 
Space Shuttle capability a t  28.8 degrees, 220 
nautical miles), and the maximum achievable 
weight by a Space Shuttle equipped with 
advanced solid rocket motors and aluminum 
lithium external tank at 51.6 degrees and 220 
nautical miles altitude (38,500 pounds). The low 
weight range limits were established by the 
Soyuz without crew (approximately 15,000 
pounds) and the Mir-2 technology modules 
(approximately 17,000 pounds). 

Several key Proton limitations are apparent 
from the Figure 120. Although the maximum 
Proton capability considering range safety limi- 
tations is at  51.6 degrees, there is no Proton 
assembly capability for high weight range ele- 
ments below about 48 degrees. The Titan IV and 
Salyut space tug and the growth'version of the 
Ariane V with the ESA Automated Transfer 

When considering the elements that might 
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Table 62 
Launch vehicle capabilities to 220 nautical miles circular orvbit 

(logistics performance shown for Space Shuttle) 

Vehicle 
Space Shuttle with Standard ET 
Space Shuttle with AVLi ET 
Space Shuttle with ASRM-10 
Space Shuttle with ASRM-12 

Space Shuttle with ASRM-10 and AVLi ET 
Space Shuttle with ASRM-12 and AVLi EX' 
Atlas IIAS/Modified Progress 

Titan IIVProgress MT 
Titan IVFrogress Derived Transfer Stage 
Titan IVBalyut Space Tug 
Ariane 44UModided Progress 
Ariane Wrogress MT 
b a n e  UAW 
Growth Ariane S A W  

H-IYModified Progress 

Usable Cargo and 

28.80 51.8' 

30,600 17,800 

38,100 25,300 

40,600 27,800 

42,600 29,800 

48,100 35,300 

50,100 37,300 

' -7,000 -7,000 

- 13,000 - 13,000 

-38,000 -37,000 

-41,000 -38,000 

-7,000 -7,000 

- 13,000 - 13,000 

36,400 33,700 

40,800 38,100 

Approximate Usable - 
(diameter x length, ft.) 

15 x 602 

15 x 602 

15 x 602 

15 x 602 

15 x 602 

15 x 602 

7 x 14 

10 x 27 

16 x 50 

16 x 50 

7 x 14 

10 x 27 

15 x 31 

15 x 31 

-7,000 -7,000 7 x 14 

Soyuz/Progress M -51.6'3 -4,000 7 x 8.5 

ProtodProgress M -3303 -4,000 7 x 8.5 

ProtodProgress MT -45'3 - 13,000 7x20  

Zenimrogress MT -51.6'3 - 13,000 7 x 20 

ProtodProgress Derived Transfer -51.6'3 -37,000 16 x 50 

Stage 

ProtodSalyut Space Tug -6,000 -38,500 16 x 50 

1. Pr0gre.r M, Modified Rogreu M, and Progress MT vehicles do not require a separate carrier; weights 
shown for the- vemionr of Progress are cargo contained within the Progress vehicle itself, not the weight 
of the Rogress and cargo. 
Standard shuttle payload bay length. Volume available for a particular payload is flight dependent. 
No capability at 28.8 degrees. Minimum inclination capability shown. 

2. 
3. 

Cey: Ami-aluminum lithium ATV-autonomous transfer vehicle 
ETsxternal tank ASRM 10-advanced solid rocket motor with 10 Klbs increaaed payload capability 

M R M  12-advanced solid rocket motor with 12 Klbs increased payload capability 
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Table 63 
Space Shuttle capabilities to 220 nautical miles circular orbit 

Capability (lbs.) 8 28.8' 

Launch Package Int. Weight (lbs.) 
Capability (Ibs.) 8 51.6' 

Space Shuttle Launch Package Int. WeightAlbs.) 

configuration 0 &oO0 7m 0 w 7m 

Standard ET 37,800 31,800 30,600 25,000 19,000 17,800 

AVLi ET 45,300 39,300 38,100 32,500 26,500 25,300 

ASRM-10 47,800 41,800 a600 35,OOO 29,000 27,800 

ASRM-12 49,800 43,800 4!woO 37,000 31,000 a 8 0 0  
ASRM-10 and AVLi ET 55,300 49,300 48,100 42,500 36,500 35,300 
ASRM-12 and AVLi ET 57.300 51.300 50.100 44.500 38.500 37.300 
Key: AVLi-aluminum lithium ATV-autonomous transfer vehicle 

ET-external tank ASRM 10-advanced aolid rocket motor with 10 Klbs increased Davload . -  
capability 
ASRM 12-advanced solid rocket motor with 12 Klbs increased payload 

Table 64 
Launch vehicle capabilities to 220 nautical miles circular orbit 

(Upper stage modified for ARbD) 

Vehicle 

Delta I1 
Atlas IIAS 
Titan I11 
Titan IV 

Potentialusable Cargo and Carrier Weight clbs.) 
288" 81.6' 

10,000 

16,000 

20,000 
36,000 

9,000 

15,000 
19,000 

w)o 

Vehicle are also capable of delivering all Space 
Station assembly elements in the high weight 
range to inclinations at or below 51.6 degrees. 
The standard ArianeV with the automated trans- 
fer vehicle, although somewhat less capable, is 
still able to lift payloads in excess of the current 
maximum program allowable (31,800 pounds) to 
51.6 degrees. The Titan IV and Ariane V capabil- I 

I ities are also shown in Figure 120. Three inclina- 
I 

tion discriminators are drawn from the low 
weight range. The first is the Salyut space tug's 
ability to deliver the Mir-2 Technology Modules 
to approximately 39 degrees. Next is the Block 
DM delivery of a Soyuz with crew to 36 degrees. 
Third, the Progress or S o p  without crew could 
be delivered as low as 33 degrees. 

A summary of the Russian participation 
options is shown in Table 65. 
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Russian Transportation 
Participation Desired 

None 

Capahlliiy io 220 nrni Circular Orbti as a Funcuon of Incllnrlwn for STS. Tilan IV/Salyul Space Tug. Anane 5/ATV. 
and 1995 Proion with Salyut Space Tug (Variable Tmkrge) and Block DM (Vmrble Propellant Load) 

Required STS Maximum space STS Maximum Russian Delivery 
Configuration Station Inclination -livery Capability Options 

Standard ET 28.8"(') 31,800 Ib None 

Lo* 
Wu[h Range 

25 30 35 40 45 50 55 
Final Inclination 

33,500Ib - 
31,800 Ib 

31,800 Ib 
31,800 Ib 
36,500 Ib 
38,500 Ib 

(dem) . - - - I Ram/wyu spcc nJI - -nmrvmyulspKenl# ------- Rolon/BlOcL DM (4 SuBe Prom)* ' - STS with Rendenour 

1) S t d u d  STS 2) A I b  ET 3) ASRU-IO.' 
4)ASRM-12.. 5)AWETbASRM-IO 6)AIAiETkASRM-l2 

or OrOrth Arinc V A N  - - - A r i a  VAlV 

** 
When RotonBlock DM dcl iwn Pt'ognrs or Modified Prognrr. usable cargo wight is 
volume limited io 4.000 Ib or 7.000 Ib. mrptclivrly. 
ASRM-IO & ASRM-I2 refer to ASRM configurations yielding lO,000 Ib and 12.000 Ib 
greaicr lifi capability. respectively, than h e  rundlrd configuration shuttle. 

SopzTM 
(with & without 
crew) 
Progress M 
MIR-2 Tech. 
Modules 
mini-PLC 

JEM, APM 
MIR-1 Modules 
MIR-2 Core Mod. 
PLC 

Figure 120 
STS, Titan IV, Ariane V and Proton capabilities 

Table 65 
Russian transportation participation options 

Low Weight Range 
Elements 

High Weight Range 
Elements@) 

AULI ET 

ASRM-1 O(') 
ASRM-12P) 

AIM ET & ASRM-10 
AilLi ET & ASRM-12 

39' - 42" 

-46" 
-50" 
51.6" 
51.6" 

(1) Even wthoui Russian transporlalion participation. space station indination can be higher based on other requirements (e g 

(2) 11 ASRMs are unavailable, maximum space station inclination IS limlted to 42O and Russian transporlation 

(3) ASRMlO 8 ASRM-12 refer lo ASRM wnfigurallons ylelding 10,OOO Ib and 12,000 Ib greater shuttle V capability, 

xlence requirements) if  space station element weights allow or the program invests in greater shuttle capahllty 

panicpalion is confined to elements in the low weigM range 

respeaively. lhan the standard configuration shuttle 
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Appendix F 

Appendix F 

SPACE STATION OPTIONRATING BY RESEARCH DISCIPLINE 

S C & : O ~ 6  N!&es 

0 nocapability (a) Requires normoxic and 0.3% C02 
1 significantly degraded capability (b) Requires CentrifugdHabitat Holding Facilities 
2 degraded capability (c) Requires approximately 30-day incrementa with stable mimgravity environment 
3 meeta minimum guidelines capability (d) HTC ground-tended ops assumed 
4 enhanced guidelines capability (e) Large truss structure unavailable 
5 significantly enhanced guidelines capablilty (0 LVL-XnVL-y attitudes 

(g) Utilization flightlground tended 
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